




The Dissertation Committee for Seyyed Hossein Mousavi
certifies that this is the approved version of the following dissertation:








Optical Properties And Collective Modes Of Plasmonic
Meta-Surfaces
by
Seyyed Hossein Mousavi, M.Sc., B.S.
DISSERTATION
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements
for the Degree of
DOCTOR OF PHILOSOPHY
THE UNIVERSITY OF TEXAS AT AUSTIN
December 2012
Dedicated to my parents and my wife, Neda.
Acknowledgments
This thesis represents the work of many scientists. Most importantly,
I must thank my adviser Professor Gennady Shvets for all his guidance, en-
couragement and support which made this work possible. I also wish to thank
Dr. Alexander Khanikaev who provided me with hands on training and with
whom I collaborated closely in my daily research. I thank fellow group mem-
bers Drs. Burton Neuner III, Yoav Avitzour, Chihhui Wu, and Chris Fietz
for their helps, as well as their substantial contribution to our collaborative
research efforts. I must also thank the members of my dissertation committee
for their feedback and valuable suggestions. Supercomputing resources were
provided by the Texas Advanced Computing Center.
v
Optical Properties And Collective Modes Of Plasmonic
Meta-Surfaces
Publication No.
Seyyed Hossein Mousavi, Ph.D.
The University of Texas at Austin, 2012
Supervisor: Gennady Shvets
Plasmonics is an important branch of optics and photonics, focusing on
the electromagnetic response of metals or other materials with free carriers.
This field has recently experienced a significant expansion due to its impor-
tance for applications. Plasmonics has shown great promises in green energies,
biosensing, nanolasers, and imaging. The main advantage of plasmonics stems
from the existence of unique excitations, referred to as plasmons, represent-
ing collective response of the free carriers to the electromagnetic field. While
plasmons, both in the bulk and on the surface of the metals, have been known
for decades, the recent advances in nano fabrication and material sciences at
nano scale have enabled versatile engineering of these modes.
Focus of my dissertation is surface plasmons whose properties can be
tailored by judiciously nano-patterning metal films and surfaces. Such pat-
terned structures, referred to as metasurfaces, are the main tool to control
vi
and boost the light-matter interaction. Appropriately designed metasurfaces
provide many-fold electromagnetic energy enhancement on the surface which
can be used to amplify numerous surface effects such as SEIRA and nonlinear
optical phenomena, facilitate spectroscopy, and enhance absorption of light.
In this thesis, I report approaches to shape and engineer the confine-
ment, mode profile, and lifetime of the surface modes. I also investigate how
the dielectric environment affects the properties of the modes. The effect of
the geometry and topology of the nano patterns on the optical response of
metasurfaces is also studied. Finally I study how manipulating symmetries of
metasurfaces can be used to tailor polarization state of light and lifetime of
the modes using an ultrathin metasurface, instead of bulky traditional optical
elements.
The work summarized in this thesis has brought marked advances in un-
derstanding the physics behind the collective surface waves in nano-structured
metasurfaces. It paves new avenues for engineering structures with desirable
properties. The immediate application of my findings is the compactification
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In this chapter I will give a brief review of what plasmonics is and how
it is related to optics. The idea of metals being only reflectors/mirrors in
optics or conducting elements in electronics is stale. Recently there has been
immense interest in exploiting other unique properties of metallic structures
such as their unusual ability to confine light below the diffraction limit of light.
From the electromagnetic point of view, metals are plasmas that are comprised
of free conduction electrons and fixed ions. The recent research is focused on
exploiting the collective oscillations of the free electrons of this plasma, and
consequently the topic has become known as plasmonics and the collective
resonant oscillations are referred to as plasmons.
1.1 Plasmons
The collective resonant oscillations in a plasma is called a plasmon.
The mechanism behind this resonance stems from the restoring (capacitive)
force between the separated layer of free electrons and the fixed ions that are
left behind (see Fig. 1.1). Let ions have an infinite mass and electrons have a







where e is electron’s charge and ǫ0 is the permittivity of vacuum. For metals
such as silver, the plasma frequency is in ultraviolet (UV) [59].
Figure 1.1: Schematics showing the collective oscillations of free electrons in
metal (plasma) provided by the restoring electric field (arrows).
Plasmons play a large role in the optical properties of metals. Due to
this resonance, the permittivity of a metal is frequency dependent and is given




where the relaxation frequency γ originates from the
scattering of free electrons from any scattering source such as phonons [59].
Electromagnetic radiation incident upon a metal, or a plasma in general, will
be reflected or (partially) transmitted depending on the radiation frequency ω.
If the incident frequency is below the plasma frequency, the permittivity pos-
sesses a negative sign and becomes a reflective mirror. Only above its plasma
frequency metal becomes opaque. However, due to the scattering mechanisms




Being known for centuries, the color of colloids of small metallic par-
ticles is an interesting optical effect. The color exhibited by such particles
is due to a plasmonic resonance. When light is incident on such a particle,
the electric field of the light exerts a force on the free electrons in the metal.
The redistribution of charges (see Fig. 1.2) acts to provide a restoring force on
the displaced electrons and, just as in the case of the bulk plasmon discussed
above, there is an associated resonant frequency. For a small spherical particle
of radius a ≪ λ, this phenomenon can be explained in terms of electrostatics,
neglecting any phase shift across the particle. Using electrostatic analysis, one






where ǫm and ǫd are the permittivities of the metallic particle and the sur-
rounding medium, respectively. The localized plasmon corresponds to the
divergence of the electric dipole moment p. A resonance occurs at ǫm = −2ǫd
as can be seen from Eq. (1.2). Note that the resonance spectral position is
independent of the size of the particle as long as the particle’s radius is much
smaller compared to the wavelength. The color of different metallic materials
(embedded in vacuum) originates from this resonance and is dictated by the
frequency at which ǫ(ω) = −2. For gold this occurs in the green part of the
spectrum, at 520 nm, whilst for silver it occurs in the deep violet (420 nm).
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Note that this is a localized plasmon confined in a very small volume, beating
the traditional diffraction limit of light [52]. An electrodynamic correction to
Eq. (1.2) is needed since it does not include the radiative losses of a dipole at a
finite frequency [38], however, it does not modify the resonance condition dis-
cussed above significantly. Also due to the symmetry of the spherical particle,
this particle supports three degenerate dipole resonances, each corresponding





Figure 1.2: Electric (right) and magnetic (left) fields of the localized plasmon
mode of a small spherical plasmonic particle.
For ellipsoidal particles with principal axes a, b, and c, an analogous
expression to Eq. (1.2) can be found in the quasistatic approximation via












Li = 1. (1.3)
For spherical particles, L1=L2=L3=1/3. For spheroidal particles (L1=L2),
the plasmon resonance thus splits into a strongly redshifted long-axis mode
(polarization parallel to the long axis) and a slightly blueshifted short axis
mode (polarization perpendicular to the long axis) [19].
1.3 Surface Plasmons Polaritons
The interface of a metal and a dielectric may support a plasmon mode,
referred to as a surface plasmon-polariton (SPP), shown in Fig. 1.3. In con-
trast to the localized modes associated with particles, the SPP modes asso-
ciated with a planar interface are propagating, typically over a few tens of
micrometers. Due to their propagating nature, it is instructive to look at the
dispersion relation (the relationship between frequency and wavevector kSPP)











where λSPP is the wavelength of the SPP mode and ǫd and ǫm are the per-
mittivities of the dielectric and metallic layers. First of all, while in the case
of localized plasmons, the resonance condition was satisfied at only one fre-
quency, SPPs exist over a wide frequency range. Secondly, in order to have a
waveguiding mode confined to the surface, the square root term in Eq. (1.4)
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Figure 1.3: Collective oscillations of free electrons running along the x direction
in the interface between metal with permittivity ǫ=-2 and vacuum. The left
(right) panel shows the x (y) component of the electric field by color.
should be larger than
√
ǫd which implies that the permittivity of metal should
be negative and also ǫm < −ǫd. However since the index of the mode is larger
than that of the dielectric, coupling to this mode requires special techniques
such as prism or grating couplers.
Next I consider a plasmonic film of finite thickness. Each side of the
plasmonic film supports a SPP mode. If the cladding on either sides of the
film are of the same dielectric material, the modes hybridize and form new
coupled SPP modes: (i) even mode with a lower eigen-frequency (than the
original mode’s) and (ii) odd mode with a higher eigen-frequency [72]. The
thinner the film is, to a greater degree the modes hybridize and the larger
the frequency shift is. Figure 1.4 shows the electric field of both the odd and
even modes which shows the symmetries of the modes. However, even after the
hybridization between the modes of the two interfaces, the new eigenmodes still
6
will be guiding, i.e., their dispersion curve lies under the light line (k‖ > ω/c).
Due to the phase mismatch between these modes and the incident light, it is
impossible to excite these SPP modes using conventional means. In the next
section, I will see how patterning the surface will abate this problem.
Figure 1.4: Guiding modes (SPPs) on each interface of a plasmonic film hy-
bridize and form two new eigenmodes: An even mode (top panel) and an odd
mode (bottom panel). Permittivity of the plasmonic layer is assumed to be -2.
1.4 Periodic Structuring of Surfaces: Meta-Surfaces
As was mentioned in the previous section, there is a significant phase
(momentum) mismatch between incident light and SPP modes. One way to
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alleviate the problem is by structuring the surface to match the momentum
p = ~k of the diffracted light to that of the SPP modes (see Fig. 1.5). The
in-plane wavenumber kn of the n-th diffracted wave scattered from a one-
dimensional grating is kinc +n (2π/P ), where kinc is the in-plane wavenumber
of the incident wave, P is the periodicity of the grating, and n is an integer
that indexes the order of the diffraction. For example, n=0 represents the
secular reflection from the grating. By appropriately choosing the periodicity
P , the momentum of the diffracted waves can be matched to that of the surface
modes. Structuring the surface not only provides momentum matching but






Figure 1.5: Dispersion of surface plasmon ω(kSPP ). kinc is the in-plane compo-
nent of the incident wave vector and G corresponds to the wavenumber needed
to couple to the SPP mode under the light line shown by the dotted curve.
1.4.1 Extraordinary Optical Transmission (EOT)
Ordinarily, a metal film perforated by a periodic array of sub-wavelength
holes would demonstrate low transmission of light. Remarkably, in 1998
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Ebbessen et al. [27] reported that under appropriate conditions such struc-
tures can transmit a significant amount of light – a phenomenon that has
become known as the extraordinary optical transmission (EOT). The role of
surface plasmons in this enhanced transmission is now well established, [14]
and the importance of the surface modulation is clear – holes are not essential,
appropriate surface corrugations may also enhance the transmittance [20].
The concept of EOT generated considerable interest because it pre-
dicted that a periodic array of sub-wavelength holes can transmit orders of
magnitude more light than each individual hole could. According to Bethe’s
prediction [18], a circular hole milled in an ultrathin free-standing metallic






where k = 2π/λ is the wavevector of the incoming light and r is the hole radius.
This expression predicts that transmission of light TB ∝ (kr)4 ∝ (r/λ)4 drops
rapidly as the the radius r decreases. The finite thickness h of the metallic
sheet will attenuate the transmission even further for small holes by adding
an exponential decay for λ > 4r [95]. This decay comes from the fact that
the hole is a circular waveguide whose cutoff is determined by the condition
λ = 4r. Plasmonic response of the walls modifies this condition and effectively
enlarges the hole by twice the skin depth [46].
Martin-Moreno et al. [74] explained the EOT phenomenon as follows.
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A plasmonic sheet of thickness h supports a SPP mode on each side. However
an incoming light directly cannot excite these modes because the momentum
of the incoming wave and that of the SPPs do not match. A periodic array
of sub-wavelength-sized holes drilled on the metallic sheet provides the mo-
mentum required for the excitation of the SPP modes. Finally, the coupling
between the excited SPP modes on either side of the sheet results in EOT.
Thus, the spectral position where EOT occurs can be determined, to the first
approximation, by the dispersion of the SPPs of a smooth metallic interface
assuming that the presence of the holes only provides the right momentum
but does not change the spectral position of the modes. Assuming that the
momentum is provided by the diffracted wave of the order (i,j), the EOT











In Eq. (1.6), another approximation is that the coupling between the two SPPs
on both sides of the film was assumed to result in an insignificant shift of the
SPP modes of each side. In reality, the presence of the holes shifts the spectral
position of the modes of the smooth film and the actual spectral position of
EOT happens just below the wavelength λ0EOT(i, j) given by Eq. (1.6).
1.4.2 Wood’s Anomaly
In 1902, R.W. Wood discovered [112] that on many diffraction gratings,
narrow spectral regions showed sharp change of energy diffracted. Rayleigh [93]
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explained these “anomalies” under the name “passing-off orders”. The physical
explanation is the following. Consider a reflection grating which produces a
range of diffracted light (see Fig. 1.6). In some order, at some critical wave-
length, the diffracted light lies in the plane of the grating. It is not possible
for light beyond this point to be diffracted off the grating. The power which
would be sent into the forbidden region is redistributed back into the allowed
orders (“passed off”). The power appears as an addition, to the spectrum re-
sponse, with a sharp cut on at the critical wavelength and a steep decline to
the red. The additional power is an enhancement of efficiency of the grating,
as if the light from two orders has been combined, which it has. As can be
imagined from the physical explanation, which involves light passing near the
plane of the grating, the additional efficiency is highly polarization-dependent
– a Wood’s anomaly is almost entirely polarized perpendicular to the grating
rulings (the s-plane).
For incident light with an in-plane wavenumber kx along the x-axis
and ky along the y-axis, the diffracted order (m,n) has a propagating constant
k
(m,n)
z along the normal to the surface given by:
k(m,n)z =
√
ǫdk20 − {kx +
mπ
Px




where k0 = ω/c is the wavenumber in vacuum and ǫd is the permittivity of
the medium in which the grating is placed. Px and Py are the periodicities
along the x and y directions, respectively. Also note that m and n range from
−∞ to ∞. The observed diffracted orders away from the grating are the ones
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Figure 1.6: A diffraction grating scattering the incident light and producing
diffraction orders including the specular reflection (0-th order), ±1-st orders,
etc. Here, the diffraction order −2 is about to experience a Wood’s anomaly.
At a slightly lower wavelength, the power that used to be carried by this order
will be redistributed to the other propagating orders.
with a real kz. The diffraction orders with an imaginary kz are evanescent
orders – orders that do not carry power but store energy in the near field of
nanostructures (in this case, a diffraction grating).
A Wood’s anomaly occurs at the wavelength when a diffraction channel
is closing k
(m,n)
z = 0 where a transition from a propagating order with a real kz
to an evanescent one with an imaginary kz happens. According to the above
equation, for an incidence along the x-direction with an angle α relative to
the normal (see Fig. 1.6), this condition is satisfied at a particular wavelength
which depends on the incident angle α:
ǫdk
2





}2 = 0. (1.8)
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The spectral position of the lowest orders Wood’s anomalies for a square lattice
is plotted in Fig. 1.7 as a function of the in-plane wavenumber along the x
direction (ky=0).
It is worthwhile noting that Wood’s anomaly is not a mode. How-
ever, because collective modes usually happen in the immediate vicinity of the
Wood’s anomalies, sometimes it could mistakenly be considered as a mode [38].
1.5 Mimicking Surface Plasmon Polaritons In Structured
Metallic Surfaces
Materials even with quite different dielectric functions from the plasma
form can also support electromagnetic surface modes. However, a perfect
electric conductor (PEC) is an exception. Pendry et al. in 2004 [87] showed
that even such a material can be induced to support surface modes by drilling
an array of holes in the surface as long as the holes were sub-wavelength sized.
Electromagnetic fields, in this case, penetrate/decay into the holes perforated
in PEC and emulate the confinement of the SPPs inside the metals. Even
a one-dimensional array of holes perforated in PEC may support a surface
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Figure 1.7: Spectral position of the Wood’s anomalies for a two-dimensional
diffraction grating as a functional of the incident wavenumber along the x-
direction. Here I have assumed an asymmetric superstrate (ǫsup=1, blue
curves) and substrate (ǫsub=2, red curves), and equal periods along the x
and y directions Px=Py=P .
mode. However, in this case, the holes should be blocked, i.e., they should
not be through-holes (see Fig. 1.8). The reason is that a groove, unlike a
2-D hole, supports a mode without a cutoff. In order to emulate the decay of
the electromagnetic field into the metallic layer to obtain a real surface mode,
grooves should be blocked.
The unique property of “spoof” surface plasmons is the ability to control
their eigenfrequency and refractive index using variable size and shape of the
14
Figure 1.8: An unpenetrable perfect electric conductor (PEC) can be induced
to support surface modes by drilling an array of holes. (a) Blue and red curves
represent the dispersion relation of the leaky (kx < ω/c, beige region) and
guiding (kx > ω/c, gray region) “spoof” surface plasmon, respectively. The
dashed lines show the light lines, folded at the Brillouin zone’s edge. (b) The
non-vanishing components of the electric field of a leaky spoof surface plasmon
are shown at the Γ point (kx=0). Here, the width of the groove w and the
depth of the groove are chosen to be 0.3P . For leaky modes, perfectly matched
layers (PMLs) are used to truncate the computational region in the y direction.
metal holes. The theory of spoof surface plasmons will be presented in Chapter
2 and its appendix.
1.6 Babinet Principle And Structures Complementary
To Holey Meta-Surfaces
Let S be a diffracting meta-surface, and S̃ its complement, i.e., the
surface that is transparent where S is opaque, and opaque where S is trans-
parent. If the surfaces are infinitely thin without any ohmic losses and are
surrounded by a symmetric (substrate=superstrate) dielectric environment,
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the transmission through S for one polarization equals the reflection through
S̃ for a 90◦ rotated polarization. The sum of the radiation patterns caused by
S and S̃ must be the same as the radiation pattern of the undisturbed beam.
In places where the undisturbed beam would not have reached, this means
that the radiation patterns caused by S and S̃ must be opposite in phase, but
equal in amplitude.
According to Babinet principle, a periodic assembly of meta-molecules
also supports both collective waveguiding modes and collective leaky modes.
The only difference is that, at resonance, instead of having a peak of transmis-
sion, a peak in reflection would be observed in the far field. The simplest ex-
ample of such a complementary metasurface is comprised of a two-dimensional
periodic array of dipole antennas – antennas with a long dimension of approxi-
mately half the wavelength of light. This structure has been shown to support
spoof SPPs with a dispersion controllable by the dimensions of the antennas,
as well as the plasmonic response of the metallic antennas [38]. The mech-
anism behind this resonance roots in the long-range transverse interactions
between dipoles giving rise to the phenomenon of Wood’s anomalies [38] and
spoof plasmons.
1.7 Organization Of Thesis
In Chapter 2, I propose an approach to improve the confinement of
spoof surface plasmons while retaining their important advantage: the ability








Figure 1.9: (Color online.) Schematic unit cell of the three structures con-
sidered in chapter 3: (a) single-antenna, (b) double-antenna, and (c) dolmen
metasurfaces. In (c), two unit cells (separated by a dashed line) are shown.
(d) shows the side view of the metasurfaces cladded by the superstrate and
the substrate.
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shape of the metal holes. This is achieved by combining metal structuring
with the traditional method of electromagnetic field confinement, waveguiding.
Also I give a detailed derivation of a semi-analytical technique based on mode
matching. I used this method to study both the eigenmodes and their lifetimes
and also the optical response of the structure in the driven simulations.
In Chapter 3, I study the effects of the optical contrast between the
superstrate and substrate of a metasurface on the long-range dipole-dipole
interactions between the unit cells comprising the surface. Three topologi-
cally different structures are considered (shown in Fig. 1.9). I show that in all
the cases, Wood’s anomalies, signifying the collective effects, are suppressed.
However in the structures that exhibit a Fano resonance, the resonance is not
suppressed but only experiences a spectral shift. Again I give a detailed deriva-
tion of another semi-analytical technique based on surface-current expansion
that is suitable for antenna geometry.
In Chapter 4, I study the effect of the geometry and topology of the
unit cells on their collective interactions by considering a meta-surface com-
posed of a double-antenna unit cell. I find that in this structure, the effective
dipole-dipole interaction is significantly modified and the transverse long-range
interaction is suppressed, giving rise to the disappearance of Wood’s anoma-
lies. First-principle calculations done in COMSOL also show that such sup-
pression of long-range interaction results in an anomalous spatial dispersion of
the electric-dipolar mode, making it insensitive to the angle of incidence. In
contrast, the quadrupolar mode of the antenna pair experiences strong spatial
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dispersion. These results show that collective effects in plasmonic metama-
terials are very sensitive to the design and topology of meta-molecules. My
findings, as I show in this chapter, envision the possibility of suppressing the
spatial dispersion effects to weaken the dependence of the metamaterials’ re-
sponse on the incidence angle.
In Chapter 5, I study the possibility to convert polarization of light
with ultrathin metasurfaces instead of bulky wave plates. By manipulating
the symmetries of the structure, I design a multi-resonant metasurface. The
interplay between the resonances enables the control over the phase of the
scattered wave. By judiciously designing the metasurface, an analog of elec-
tromagnetically induced transparency (EIT) is obtained. In conventional (non-
EIT) metasurfaces, resonant modes’ excitation results in strong reflection of
light accompanied by a significant reduction in transmission. In Fano-resonant
metasurfaces with EIT, one can overcome this limitation and boost the trans-
mission. One of the benefits of the proposed approach to polarization con-
version is the spectral selectivity stemming from the fact that, in contrast to
other metasurface designs [86, 118], the EIT peak, where polarization conver-
sion takes place, is surrounded by low transmission region. Thus, the structure
naturally cuts off those spectral regions where polarization conversion does not
take place or is not very efficient.
In Chapter 6, I conclude the thesis by summarizing the findings of my
studies of the optical properties of plasmonic meta-surfaces in infrared spectral
range and the collective surface waves they support.
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Chapter 2
Highly Confined Hybrid Spoof Surface Plasmons
in Ultra-thin Metal/Dielectric Heterostructures
2.1 Introduction
The surface plasmon (SP) is one of the linchpins of the field of sub-
diffraction optics [15]: by penetrating below the metal surface [92], electro-
magnetic waves can be localized beyond diffraction limit. This opens a wide
range of applications in spectroscopy, photonic circuits, solar cells, and other
technologically important areas [10, 23, 65]. For longer wavelengths, metals
begin resembling perfect electric conductors (PECs), wave penetration into
the metal becomes negligible, and other approaches to light localization and
concentration must be found. It has been recently discovered [16, 38, 39, 80, 87]
that SPs can be mimicked by perforating the metal surface with an array of
sub-wavelength holes. Dispersion and confinement of the resulting “spoof”
surface plasmons (SSPs) are defined (and can be tuned) by the holes’ size
and geometry. Thus, the SSP-based approach to light confinement is crucial
for bringing the advantages of plasmonics into the longer-wavelength spectral
range, which is especially important for various infrared applications, including
surface-enhanced infrared absorption (SEIRA) spectroscopy [62, 84], on-chip
light sources [50], and infrared detectors [24, 97].
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Figure 2.1: (color online). (Left) Schematic of the heterostructure supporting
hybrid SSPs. (Right) Side view and definitions of the reflection/transmission
coefficients used in the text.
A major drawback of SSPs supported by metal films with simple per-
foration geometries (e.g., circular or rectangular holes) is that they are very
weakly confined for most frequencies and, therefore, are not suitable for the
above applications. More sophisticated geometries that have been shown [70,
80] to improve confinement in the microwave spectral range are not practical
for optical applications. In this chapter, we resolve the problem of poor con-
finement of conventional SSPs while retaining their important advantage: the
ability to control SSP’s frequency and refractive index using variable size and
shape of the metal holes. This is achieved by combining metal structuring
with the traditional method of electromagnetic field confinement, waveguid-
ing. We theoretically predict and experimentally confirm that a new class of
SSPs exists in the ultrathin heterostructure comprised of a slab of high-index
dielectric material and a perforated metal film (Fig. 2.1). The resulting SSPs
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owe their unusual electromagnetic properties to their hybrid nature: the con-
ventional SSP modes inherent to any periodic metal structure are hybridized
with conventional modes of dielectric films: guided waves (GW) and leaky
Fabry-Perót (FP) modes. The hybrid SSPs represent an important improve-
ment on both conventional guided modes and SSPs: they are better confined
than either one of the two (Fig. 2.3), while their spectral properties and life-
times are controllable by the size and shape of the metallic perforations. As a
specific example and possible application of the proposed concept, we demon-
strate that hybrid SSPs can turn low-absorbing semiconductor (specifically,
SiC) films into near-perfect absorbers of infrared radiation. The choice of SiC
owes to the strong dependence of its dielectric permittivity ǫSiC(ω)≡n2(ω) on
frequency ω≡2πc/λ: ǫSiC changes by a factor 2 as λ changes by 8% [82].
In this work, theoretical calculations and numerical modeling were per-
formed by the author and Dr. Alexander B. Khanikaev and nanoscale sample
fabrication and FTIR spectroscopy were performed by Burton Neuner III, and
sample growth was performed by University Claude Bernard Lyon I collabo-
rator Gabriel Ferro.
2.2 Theoretical description
It is instructive to start the theoretical description of hybrid SSPs by
considering the eigenmodes (both leaky and fully-confined) of the unperforated
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Figure 2.2: (color online). Family of dispersion curves of the p-polarized eigen-
modes of the heterostructure shown in Fig. 2.1 for different hole sizes: stars (a)
- unperforated metal; pluses (b) LX=LY =1.2 µm; circles (c) LX=LY =1.8 µm.
P=3.84 µmand d=570 nm. Color: the quality factor of the modes. Solid curve
is the air light line.
expression [21] for the reflectivity coefficient of the heterostructure rslab:
rslab = r12 + t12t21 exp(2iδ) r23 Z, δ = kzd, (2.1)
where the reflection (transmission) coefficients rij ≡ |rij|eiφij (tij) at the i-th/j-
th medium interface are illustrated by Fig. 2.1, Z ≡ 1/(1−r21r23e2iδ) accounts
for multiple reflections, and kz is the propagation wave number normal to the
interface. All eigenmodes of the unperforated heterostructure (including leaky
and fully-guided modes) correspond to the poles of rslab. These poles are given
by Z−1=0, giving rise to the following condition that must be satisfied by any
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eigenmode:
φ21 + φ23 + 2Re{kz}d = 2πl, (2.2)
where l is an integer number. Note that φ23=π in the case of unperforated
PEC film, and the phase φ21 of the Fresnel’s reflection coefficient satisfies
φ21=0 above the light line, but can depart from zero below the light line. The
frequencies of the two eigenmodes found for real wavenumbers k|| along the
interface correspond to: (i) the leaky FP mode above the light line, and (ii) the
confined GW mode below the light line. For a specific case of a SiC film with
thickness d = 570 nm, the dispersion relations ω(k||) ≡ ωr(k||) + iωi(k||) for
these modes are plotted in Fig. 2.2. Because the FP mode is leaky, it has a low
quality factor Q = ωr/ωi. However, coupling to the GW mode requires a high-
index prism or a diffraction grating, and its Q is limited only by the material
losses. As shown below, when the metal film is patterned, both FP and GW
modes can hybridize with SSPs giving rise to highly confined modes whose
spectral properties can be tuned by the size and shape of the perforations, and
whose confinement drastically exceeds that of either the SSPs or the modes of
the unperforated structure.
Next, we consider a periodically perforated metal film as shown in
Fig. 2.1. SSPs are introduced by generalizing Eq. (2.1) to include the effects of
diffraction. Specifically, using the standard scattering matrix formulation, the
reflection coefficient, which connects different diffractive orders, is expressed
in the matrix form:




Figure 2.3: (color online). Transverse distribution of electromagnetic energy
density averaged over the unit cell for the case of (i) SSP/GW of perforated
heterostructure, (ii) GW of unperforated heterostructure, and (iii) SSP of
uncoated perforated PEC. Parameters are the same as in Fig. 2.2. Insets show
the fields corresponding to the excitation of hybrid SSPs given in Fig. 2.2.
where Ẑ is the multi-pass matrix given by Ẑ = (Î − exp(iδ̂) r̂21exp(iδ̂) r̂23)−1.
Complex eigenfrequencies of the hybrid SSPs correspond to the roots of the
equation Det [r̂−1slab(ω,k)]=0.
2.2.1 Generalized Airy Expressions Taking Diffraction Into Ac-
count
In this subsection, we give the full derivation of Eq. (2.3). An easy way
to find the reflection and transmission coefficients (S-matrices, in general) of a
slab with a finite thickness is to use the S-matrices of each interface of the slab.
These expressions are known as Airy expressions [21]. However the standard
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Airy expression does not take the diffraction into account. Here we generalize
the standard Airy expressions to take all the diffraction and waveguiding effects
into consideration:
Figure 2.4: Schematics showing a slab (medium ‘2’) of thickness h sandwiched
between the semi-infinite media ‘1’ and ‘3’. All the possible reflection and
transmission pathways and the corresponding coefficients are shown on each
interface.
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Each of these infinite sums represents a geometric series which are converging
and can be written in the following closed forms.
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account for the multiple reflections inside the slab and Φ̂ = diag{eikzh} is the
phase matrix, where kz is the z component of the wave-vector of all the diffrac-
tion orders in the second medium where all the multiple reflections occur. In
the above expressions, Î is the unity matrix with the appropriate dimensions.
In the absence of diffraction and perforations, these expressions reduce
to the scalar version of the Airy expressions:

















S12 Φ S23, (2.7)
where D = 1− Sbottom22 Stop22 Φ2, and Φ = diag{eikzh}.
Also note that the scattering matrices (Ŝ matrices) relate the amplitude
of incoming waves to those of the outgoing waves. Due to the diffraction effects,
however, here each element of the Ŝ matrix (e.g., Ŝ11) is a matrix by itself
relating the incoming waves in all diffracted orders to the scattered diffracted
waves. For example, (S11)ij relates the amplitude of the i-th order incoming
wave to that of the j-th order reflected wave.
To make a further connection of hybrid SSPs to the modes of unperfo-
rated heterostructure, we introduce two effective (tilded) complex quantities
for a perforated film: r̃23Z̃ ≡ (r̂23Ẑ)00 and Z̃ ≡ 1/(1− r21r̃23e2iδ). By compar-
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ing Eq. (2.1) to Eq. (2.3) and by using the above definitions, we find that
r̃23 ≡ |r̃23|eiφ̃23 =
∑







(r̂23)0G (Ẑ)G0 involves summation over all the reciprocal lat-
tice vectors G. These definitions enable us to use the scalar Eqs. (2.1, 2.2) by
replacing transmission and reflection coefficients and the corresponding phases
with their effective counterparts. For example, the modified resonant phase-
matching condition is obtained by replacing φ23=π in Eq. (2.2) with φ̃23, which
can considerably deviate from π. As will be shown below, the size and shape
of the hole can strongly influence φ̃23, thereby shifting the absorption peak
from the Fabry-Perót resonance d=λFP/4n(λFP).
We calculated the scattering matrices (r̂23 and t̂23) using the semi-
analytic modal matching technique (see Appendix to this chapter), and ana-
lytically continued it into the complex ω-plane. The resulting dispersion curves
for hybrid SSPs both above (leaky SSPs) and below (confined SSPs) the light
line are plotted in Fig. 2.2, where j=(a,b,c) labels the hole size (see caption),
and the color indicates the quality factor Q of the modes.
First we focus on dispersion curves below the light line: the guided
mode of the unperforated structure GW(a), and the two hybrid SSPs (SSP/GW(b)
and SSP/GW(c)) whose dispersion curves are controlled by the holes’ size. As
the hole size increases, the dispersion curves depart from the light line, thereby
indicating high spatial confinement. Flattening of the dispersion curves for
larger hole sizes also indicates an increasing density of states which can be
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utilized for plasmon-enhanced infrared emission [50]. Strong concentration of
the magnetic field of the hybrid SSP/GW mode inside the hole (Fig. 2.3 in-
set (a)) explains the high sensitivity of this mode to the size and shape of
the hole. Figure 2.3 illustrates that the confinement of the SSP/GWs exceeds
that of both classes of waves (GWs and pure SSPs without the dielectric film)
from which these hybrid SSPs originate. The figure shows energy profiles of
three modes at the particular subwavelength frequency, corresponding to a
SSP/GW(c) mode at kX = π/P (i), a GW mode of the unperforated struc-
ture (ii), and a pure SSP of a thick perforated metal film surrounded by air
(iii). Clearly, the hybrid SSPs have the highest confinement and the highest
concentration of energy inside the dielectric film: 15% (70%) of the SSP/GW
(GW) mode resides outside of the dielectric slab.
Hybridization between FP modes and SSPs produce leaky hybrid SSPs
above the light line as shown in Fig. 2.2 by the progression from FP to SSP/FP
modes. These hybrid leaky SSPs have a similar three-dimensional magnetic
field profile to that of the guided SSP/GW modes as shown in the inset (a)
to Fig. 2.3. Because fields are concentrated inside the perforation, spectral
properties and the lifetime of the SSP/FP modes are strongly affected by
the holes’ size LX,Y . Their transverse confinement also significantly exceeds
that of FP modes as indicated by Q-factor shown by color in Fig. 2.2. The
SSP/FP mode lifetime Q/ω and field confinment both increase with LX,Y .
The corresponding energy density profiles are similar to those plotted for the
confined modes in Fig. 2.3. Note that, in addition to the SSP/FP modes,
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there is another leaky hybrid SSP labeled SSP/GW(j) above the light line
whose field distribution (shown in Fig. 2.3 inset (b)) is centered outside of
the hole. Therefore, the spectral position of the leaky SSP/GW modes is not
strongly affected by the holes’ dimensions. Because SSP/FP and SSP/GW
modes are leaky above the light line, they can be experimentally observed
using conventional infrared spectroscopy as presented below.
2.3 Experimental results
A SiC film of thickness d=570 nm was hetero-epitaxially grown on a
Si(100) substrate wafer, and an air-bridged membrane with area (500 µm)2
was produced after KOH back-etching of the Si substrate. SiC permittivity
with parameters extracted from a fit to experimental reflectivity data is given
by the analytical function:
ǫSiC(ω) = ǫ∞
ω2 − ω2LO + iΓω





where ǫ∞ = 6.5, ωLO=972 cm
−1, ωTO=796 cm
−1, Γ=5 cm−1, and σ=500
cm−1. Figure 2.5 shows the real and imaginary part of the refractive index
nSiC =
√
ǫSiC. Due to the low doping level of SiC, a low-loss response of SiC
is obtained which is indicated by the small fraction of the imaginary part to
the real part of the refractive index as can be seen from Fig. 2.5. The aim of
this study was to show how excitation of highly confined spoof plasmons can
enhance this low absorption.
Next, a 100 nm Au film was thermally deposited on the newly exposed
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Figure 2.5: (color online). Real and imaginary parts of the refractive index of
doped SiC nSiC =
√
ǫSiC where ǫSiC is given in Eq. (2.9) with the following
parameters: ǫ∞ = 6.5, ωLO=972 cm
−1, ωTO=796 cm
−1, Γ=5 cm−1, and σ=500
cm−1.
side of the SiC. Metal perforations were produced using a focused ion beam
over a (100 µm)2 area. Optical characterization (reflection, transmission) was
performed using a Thermo Scientific Continuum microscope coupled to a Nico-
let 6700 FTIR Spectrometer. In all measurements, transmission was less than
10%. Therefore, we will focus on reflectivity R(λ) and absorptivity A(λ) spec-
tra for the rest of this chapter. First, R(λ) prior to perforating the metal
film was measured which is shown by dot-dashed lines in Fig. 2.6. The broad
reflection dip at λFP=13.3 µm corresponds to coupling to FP mode.
Next, R(λ) and A(λ) = 1−R(λ)−T (λ) for the perforated metal struc-
tures were measured and plotted alongside the results of the finite-elements
COMSOL simulations in Fig. 2.6. Two hole sizes were used as perforations:
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Figure 2.6: (color online). Reflection (blue) and absorption (red) curves ob-
tained from experimental measurements (crosses) and finite-element simula-
tions (lines) for different hole dimensions LX×LY and incident light polar-
izations. (a) LX=LY =1.2 µm, polarization-independent; (b) LX=1.45 µm,
LY =1.75 µm, y-polarized; (c) LX=1.45 µm, LY =1.75 µm, x-polarized. Black
dash-dotted curves: reflection from unperforated Au film/SiC structure. Cour-
tesy of Dr. Burton Neuner III.
small square holes (Fig. 2.6(a)) and larger rectangular holes (Fig. 2.6(b,c)). As
predicted by the theory of hybrid SSPs, reflectivity curves reveal two reflection
minima, which also correspond to absorption maxima. Thus, the metal perfo-
ration causes R(λ) to drop to zero and absorption A(λ) to reach nearly unity.
The physical reason for this enhanced absorptivity is resonant coupling to
leaky SSP/FP (long-wavelength peak) and SSP/GW (short-wavelength peak)
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modes.
Experimental results confirm that the spectral position of the SSP/GW
dip (λ=13.25 µm) is almost independent of the size/shape of the holes, while
that of SSP/FP dip is very sensitive to hole size and, for rectangular holes, is
polarization-sensitive. The SSP/FP absorption peak (e.g., at λ=14.20 µm for
light polarized along the short dimension of the large rectangular hole) is espe-
cially remarkable because it occurs far from the FP resonance in the spectral re-
gion where SiC is not very absorptive: n=4.6+0.04i. Without perforation, the
round-trip absorptivity of the d=λ/25 SiC film is only 8π Im(n) d/λ=4%. This
absorption enhancement is caused by the excitation of the high-Q SSP/FP
mode which strongly traps and enhances the electromagnetic field inside the
weakly-absorbing film, turning it into a “perfect” absorber.
2.4 More Complex Geometries
Another degree of freedom to confine electromagnetic energy is to use
more sophisticated hole shapes that exhibit site (or shape) resonances [70, 80].
For example, a strong confinment even in a thinner heterostructures can be
accomplished by employing relatively simple (and feasible for fabrication) U-
shaped holes [96] shown in Fig. 2.7(a). For instance, in the case of the SSP/FP
resonance, use of U-shaped holes causes even more dramatic red-shifting which
facilitates trapping of electromagnetic fields by a subwavelength thick het-
erostructure. A family of reflectivity spectra shown in Fig. 2.7(b) correspond
to U-shapes with increasing metal “tongue” length t (see inset to Fig. 2.7(a)).
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The figure indicates that, counter-intuitively, the spectral position of the re-
flection dip red-shifts even as the remaining hole area decreases with increasing
t. This effect is due to the LC-like resonances of the U-shape occurring for
electric field polarized parallel to the tongue [96]. This resonance manifests
itself in the increased effective reflection phase φ̃23. φ̃23 obtained for both
rectangular and U-shaped holes at the respective reflectivity dips is shown by
crosses and circles in Fig. 2.7(a) as a function of LX and t, respectively. The
U-shape’s parameter t has a more pronounced effect on φ̃23 (and, by extension,
on the spectral position of the reflection dip) than the overall size LX of the
rectangular hole. In the latter case, the reflection phase φ̃23 saturates around
the value of 1.25π, while in the case of the U-shaped holes, φ̃23 approaches
3π/2, with high value of dφ̃23/dt indicating strong sensitivity to the geometry
of the U-shape.
2.5 Conclusion
In conclusion, we have predicted and experimentally demonstrated that
a heterostructure comprised of a periodically perforated metal film coated with
high-index dielectric layer supports strongly confined hybrid spoof surface plas-
mons. This extraordinary confinement is achieved through hybridization be-
tween two weakly confined sets of modes: SSPs supported by the perforated
metal film and guided modes supported by the dielectric layer. Hybrid SSPs
retain tunability due to strong sensitivity to the holes’ size and shape. As an
experimental proof of principle, we have demonstrated that hybrid SSPs can
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Figure 2.7: (color online). (a) Reflection phase shift φ̃23 at the reflectivity
minima for (i) rectangular holes as the function of LX (crosses), and (ii) U-
shaped holes as the function of t (circles). (b) Family of reflection spectra
(different values of t (nm)) for the U-shaped holes.
turn weakly-absorbing ultra-thin semiconductor films into spectrally-tunable
“perfect” absorbers. Hybrid SSPs may find practical applications in multi-
spectral infrared imaging, thermophotovoltaics, on-chip light sources, and in-
frared detectors.
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2.6 Appendix: A Semi-Analytical Technique to Derive
Reflection and Transmission From Meta-Surfaces With
Semi-Infinite Periodic Holes
In this section, we will explain in detail a semi-analytical technique
to find the coefficients of reflection from, and transmission through, a thick
metallic layer with a two-dimensional array of rectangular holes perforated in
it, (see Fig. 2.8) for all the resulting diffracted orders. Here we will assume that
the superstrate is an isotropic semi-infinite dielectric medium with a dielectric
permittivity of ǫd and the substrate is a semi-infinite perfect electric conductor










Figure 2.8: (a) Side-view schematics of the interface between a semi-infinite
dielectric medium and a semi-infinite perfect electric conductor layer with
periodic holes cut into it. The amplitudes of the incident and reflected waves
in the dielectric medium and the transmitted wave in the holes (waveguides)
are shown by in,τ , rn,τ , and am,α. For the case of incidence from the top, bm,α
will be assumed to be zero. The interface between the two media is at z = 0.
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2.6.1 Modes Of An Isotropic Dielectric Medium
Using the periodicity of the structure, the tangential components of the
fields are expanded in the superstrate in the plane-wave basis in terms of the
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z z) |n, τ〉, (2.10)
where |n, τ〉 = |nx, ny, τ〉 represents the in-plane (tangential) electric field of





a polarization state τ (s or p polarization) and a wave admittance Yn,τ . The
wave admittance of an s-polarized plane wave is Yn,s = k
n
z /k0 and that of
a p-polarized plane wave is Yn,p = ǫdk0/k
n









ǫdk20 − (kn‖ )2 are respectively the x, y,
and z components of the wavevector kn. k0 is the wavenumber of the wave in
vacuum and ǫd is the relative permittivity of the medium in which the wave is






















{knx x̂+ kny ŷ}. (2.12)
2.6.2 Modes Of A Rectangular Waveguide
The fields inside the waveguides (holes) can be expanded in the waveguide-
modes basis in terms of the amplitudes of the transmitted (am,α) and incident
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(bm,α) waves. For the case of incidence from the dielectric layer, we will assume
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−iβmz) |m, α〉,




iβmz − bm,α e−iβ
mz) |m, α〉, (2.13)
where βm =
√
ǫhk20 − (mxπax )2 − (
myπ
ay
)2 is the propagation constant of the m-
th waveguide mode, independent of its polarization α=(s or p). |m, α〉 =
|mx,my, α〉 represents the in-plane (tangential) electric field of the m-th waveg-
uide mode with a polarization state α (s = TE or p = TM polarization) and a
wave admittance Ym,α. The wave admittance of an s-polarized waveguide mode
is Ym,s = β
m/k0 and that of a p-polarized waveguide mode is Ym,p = ǫhk0/β
m.
In the above expressions, ǫh is the relative permittivity of the medium inside
the holes. The spatial representation of |m, α〉 can be found from a scalar field

































where gmx = mxπ/ax and g
m
y = myπ/ay. Note that, in the case of the s
(TE) polarization, (mx ≥ 0, my ≥ 0) excluding mx=my=0. In the case of p
(TM) polarization, (mx,my ≥ 1). Also note that the above-mentioned form











{g2y (1 + (0)mx) + g2x (1 + (0)my)}; (2.16)
2.6.3 Boundary conditions
By applying the appropriate boundary conditions, one can relate the
reflected and transmitted fields to the incident field. The boundary conditions
of the boundary at z = 0 are the continuity of the electric field over the whole
unit cell and that of the magnetic field over only the holes. To demonstrate
the applicability of each boundary condition in its particular region of the
interface, we will define a function f(x, y) which is unity on the holes and zero
otherwise. In this language, the boundary conditions are:
EI‖ = f(x, y)E
II
‖ ,
f(x, y) (ẑ × HI‖) = f(x, y) (ẑ × HII‖ ), (2.17)
which ensures the vanishing electric field on the PEC part of the interface
as well. Applying the above-mentioned boundary conditions gives rise to the
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following relations between the field amplitudes:
in,τ + rn,τ =
∑
m,α
〈n, τ |m, α〉 (am,α + bm,α),
∑
n,τ
〈m, α |n, τ 〉 Yn,τ (in,τ − rn,τ ) = Ym,α (am,α − bm,α) (2.18)
2.6.4 S Matrices
By defining the vectors i = {in,τ}, r = {rn,τ}, a = {am,α}, and b =
{bm,α} and the matrices Ô = {〈n, τ |m, α〉}, Ŷd = diag{Yn,τ}, and Ŷh =
diag{Ym,α}, the following matrix equations are derived:
i + r = Ô (a + b),
Ô† Ŷd (i − r) = Ŷh(a − b), (2.19)
It is worthwhile mentioning that Ô is the overlap between the waveguide modes
|m, α〉 and the diffracted waves |n, τ〉 which will be calculated in the next
section. Now we give the Ŝ matrices of this structure. Scattering-matrix or
Ŝ-matrix relates the amplitudes of the incoming waves to those of the outgoing
(scattered) waves (see Fig. 2.4). For example, Ŝ11 relates the incident wave
(only from the medium ’1’) to the reflected wave according to r = Ŝ11i. For
this, one has to set b = 0 and solve for r in terms of i. Below I give all the four
Ŝ matrices of the structure with the following definitions for the Ŝ matrices:
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(1) r = Ŝ11i, (2) a = Ŝ21i, (3) a = Ŝ22b, and (4) r = Ŝ12b (see Fig. 2.8).
Ŝ11 = −(Î + M̂)−1(Î − M̂),
Ŝ21 = Ô
−1(Î + Ŝ11),
Ŝ22 = (Î + M̂ ′)
−1(Î − M̂ ′),
Ŝ12 = Ô(Î + Ŝ22), (2.20)
where M̂ = Ô Ŷ −1h Ô
† Ŷd and M̂ ′ = Ô
−1 M̂ Ô. Note that, because of the
diffraction effects, here, each element of the Ŝ matrix (e.g., Ŝ11) is also a
matrix, relating the amplitude of the incoming waves of all diffracted orders
to those of the outgoing waves of all orders.
2.6.5 Expressions For Overlap Matrices
The overlap matrix Ô = {〈n, τ |m, α〉} is the overlap between the
waveguide modes |m, α〉 (order m and polarization α, inside medium ‘2’, bot-
tom medium in Fig. 2.8) and the diffracted waves |n, τ〉 (diffracted order n
and polarization τ , inside medium ‘1’, top medium in Fig. 2.8). The specific
form of the overlap matrix Ô depends on the shape of the holes. Here we will
consider only the rectangular holes. For circular holes, also, the overlap matrix
can be found analytically [95], however, for more complicated geometries, the
overlap can only be found numerically which is beyond the scope of this dis-
sertation. For the rectangular geometry, the overlap matrix elements On,τ ;m,α
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are given:
On,τ ;m,α = 〈n, τ |m, α〉
= eIx(n, τ) e
II
x (m, α) Icx(n,m) Isy(n,m)
+ eIy(n, τ) e
II
y (m, α) Isx(n,m) Icy(n,m). (2.21)
where
Icx(n,m) = −iknx
1− (−1)mx exp(−iaxknx )
(knx )
2 − (gmx )2
(2.22)
Icy(n,m) = −ikny
1− (−1)my exp(−iaykny )
(kny )
2 − (gmy )2
(2.23)
Isx(n,m) = −gmx
1− (−1)mx exp(−iaxknx )
(knx )
2 − (gmx )2
(2.24)
Isy(n,m) = −gmy
1− (−1)my exp(−iaykny )
(kny )
2 − (gmy )2
. (2.25)
and
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x/y and Ic/s,x/y are introduced here for expressions conciseness. The subscripts
























Figure 2.9: Absolute value of the overlap matrix elements showing the impor-
tance of the diagonal elements representing the phenomenon of relative con-
vergence. Here Px=4.22 µm, Py=5.45 µm, ax=2.14 µm, ay=2.65 µm, ǫh=1,
ǫd=1, and the incidence is normal to the metasurface.
2.6.6 Absolute and Relative Convergences
In order to obtain the correct value of the S-matrices, an enough num-
ber of diffraction orders and waveguide modes should be considered. Other
than this “absolute” convergence, one should pay attention to “relative” conver-
gence as well. That is, for a given number of the diffraction orders, too many
waveguide modes should not be taken into account. The opposite also holds.
Relative convergence is a well known phenomenon arising in the solution of
truncated double-infinite sets of equations [51, 111]. In order to alleviate this
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problem, approximately the same number of diffraction orders and waveguide
modes should be used as can be seen from Fig. 2.9 which shows that the el-
ements that contribute the most are the ones that lay close to the diagonal
(m ≈ n) of the matrix. However, the minimal contribution of the elements far





Optical nanostructures exhibiting Fano resonances have attracted a sig-
nificant attention of the research community in recent years [30, 31, 35, 47,
68, 71, 76, 85, 98, 108, 114, 118]. As classical analogues of quantum Fano sys-
tem [33], these systems represent elegant tabletop tools for testing fundamen-
tal principles of physics [9]. From the applications’ point of view, the possi-
bility to trap, enhance, and manipulate light in optical Fano nanostructures
and metamaterials is also very promising and has already been demonstrated
to be beneficial in sensing and bio-sensing [2, 64, 113, 116], photovoltaics and
thermo-photovoltaics [10, 44, 94], and slow-light generation [114].
Fano resonances in optical metamaterials originate from electromag-
netic interactions between their constituents. According to the type of inter-
action, Fano resonances can be classified into two groups: (a) coherent Fano
resonances which are the result of interferences between all of the meta-atoms
forming a periodic array, and (b) local Fano resonances which originate from
the complex local structure of individual meta-atoms. While for the first class








Figure 3.1: (Color online.) Schematic unit cell of the three structures consid-
ered in this chapter: (a) single-antenna, (b) double-antenna, and (c) dolmen
metasurfaces. In (c), two unit cells (separated by a dashed line) are shown.
(d) shows the side view of the metasurfaces cladded by the superstrate and
the substrate.
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is crucial, for the second class, even a single meta-molecule may exhibit a Fano
resonance [71]. However, in both cases the response of the meta-surface will
depend on the dielectric environment. For coherent metamaterials, it is well-
known that the presence of a substrate modifies the far-field interactions[4, 36],
which substantially alters the collective response. However, even in the case of
local Fano resonances, the presence of a substrate can significantly modify the
interaction between the meta-molecule’s constituents[90]. Thus, understand-
ing of substrate effects in both cases is critical for basic understanding of Fano
resonances in experimentally relevant systems.
The geometry of the systems with Fano resonances can vary from simple
designs such as metal nanoparticles [71] and perforated films [32, 43, 99] to
structures with complex geometries such as oligomers and dolmens [9, 30, 31,
108].
The simplest approach to describe the Fano resonances is a mechanical
toy model of coupled harmonic oscillators [68, 88, 114, 118]. In many cases,
such model provides sufficient insight into the physics of the system; it al-
lows one to fit optical spectra and associate spectral features of the system
with the known properties of the mechanical Fano model. Nevertheless, such
simplified representation of a complex physical system neglects various effects
relevant for real structures. Among these are substrate effects, effects of pe-
riodicity resulting in a collective character of the electromagnetic response
of meta-materials, geometry/proximity effects modifying the interactions be-
tween meta-molecules.
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Another analytical description applicable to some relatively simple sys-
tems, such as arrays of point-like dipoles, is offered by a dipole model [11,
38, 85, 121, 122]. Indeed, a few of the above-mentioned phenomena, includ-
ing collective effects and Fano resonances, can be adequately described by this
model [78]. However, there are situations when the dipole model is inadequate.
For instance, as soon as the scatterers or the metamolecules forming the array
become comparable in size to the wavelength of light, the dipole-dipole inter-
action mechanism breaks down because interactions through higher multipoles
come into play. Incorporating substrate effects also represents a challenge for
the dipole model. To resolve these problems, the dipole model has been ex-
tended by including effects of higher multipoles [100], found with the use of
numerically calculated polarizabilities of metamolecules and by applying the
scattering-matrix technique [12, 16, 101]. However, after such generalizations,
the dipole model can no longer be considered analytical. To fully account
for all the above-mentioned effects, the approach which is being widely used
is to apply a powerful yet time consuming ab-initio numerical solvers of the
Maxwell equations, or various generalizations of hybrid numerical/analytical
approaches [37].
However, there is another very promising semi-analytical yet rigorous
approach based on the modal-matching technique (MMT). MMT has been
proven to be very fruitful for describing various electromagnetic systems rang-
ing from frequency-selective surfaces and antenna arrays in radio frequency
domain [26] to perforated metallic structures [49, 55, 74, 77]. In both cases, the
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approach is relying on the expansion of a system-specific polarization (e.g., the
total current in the antennas or the fields inside the holes) in the form of a su-
perposition of the eigenmodes satisfying appropriate boundary conditions. It
is important that, because the basis used for the expansion takes into account
meta-molecules’ geometry, this approach can account for the geometry-specific
effects, including shape resonances and proximity effects [66, 91].
In this chapter, the semi-analytical MMT based on the current ex-
pansion [26] is applied to study Fano resonances in two-dimensional periodic
arrays of metallic antennas on a substrate (Fig. 3.1). The emphasis is on ar-
rays of complex antennas resonant in the mid-IR part of optical spectrum,
which is important for bio-sensing [2, 113] and thermo-photovoltaic applica-
tions [10, 44, 94]. MMT is shown to capture the meta-molecule geometry as
well as the substrate effects and is easily expandable to the cases of more com-
plex geometries composed of several spatially extended scatterers per unit cell.
We develop a minimal model of the MMT by truncating the electric-current
basis of the full model and demonstrate that even the resulting analytical
model is capable to quantitatively describe the optical properties of the struc-
tures. The main emphasis of the chapter is on the effect of the substrate. It is
demonstrated that with the model in hand the MMT can predict the spectral
positions of the resonances and describe the interference among the different
scattering pathways provided by the different metamolecule’s resonances.
In this work, theoretical calculations, analytical techniques, and numer-
ical modeling were performed by the author and Dr. Alexander B. Khanikaev.
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The rest of the chapter is organized as follows. In Section II a general
MMT based on the Rayleigh and current expansions is derived. In Section III
a minimal model is developed and applied to study a periodic single-antenna
metasurface (SAM), shown in Fig. 3.1a. In Section IV we analyze periodic
double-antenna meta-surfaces (DAMs) [Fig. 3.1b], which are known to exhibit
a Fano resonance due to the interference of the modes corresponding to sym-
metric and anti-symmetric charge distributions in the antenna pairs. Finally,
in Section V a dolmen structure formed by three antennas (Fig. 3.1c) and
known to exhibit a plasmonic analogue of electromagnetically induced trans-
parency (EIT) [68, 118] is studied.
3.2 Modal Matching Technique: Theoretical Formalism
In this section the electric current expansion technique is generalized to
the case of infinitesimally thin metallic antennas of finite surface conductivity.
Following Ref. [26], we rely on the current expansion, but require the current
in the plasmonic antennas to be defined by the high-frequency conductivity
of the metal and the electric field right on the antennas’ surface. To make
the expressions more compact and keep the formulation more general, the
Dirac notation is used. Using the periodicity of the structures the tangential
components of the fields are expanded in the superstrate (I) and the substrate
(II) in the plane-wave basis in terms of the amplitudes of the incident (in,τ ),
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where |n, τ〉 = |nx, ny, τ〉 represents the in-plane (tangential) electric field of





a polarization state τ (s or p polarization) and a wave admittance in the
superstrate (substrate) Y I
n,τ (Y
II
n,τ ). The wave admittance of an s-polarized
plane wave is Yn,s = k
n
z /(Z0k0) and that of a p-polarized plane wave is Yn,p =
ǫrk0/(Z0k
n
z ). In the above expressions, k
n
x = 2πnx/Px, k
n
y = 2πny/Py, and
knz =
√
ǫrk20 − (kn‖ )2 are respectively the x, y, and z components of the
wavevector kn. k0 is the wavenumber of the wave in vacuum and ǫr is the
relative permittivity of the medium in which the wave is propagating. Z0 ≈























{knx x̂+ kny ŷ}. (3.3)
The surface current in the plasmonic antennas is expanded with the use of the
basis functions |jmα 〉 satisfying the boundary condition of vanishing current on
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the antenna edges. The electric current in the m-th antenna within the unit




cmα |jmα 〉 (3.4)
where cmα is the amplitude of the α-th current mode. The precise form of
the functions |jmα 〉 depends on the antenna geometry, which will be taken
rectangular throughout the chapter. For this case, the explicit expressions for
|jmα 〉 are given elsewhere. [26]
The finite conductivity of the antennas is incorporated into the model
using the relation
Jm = σEm‖ (3.5)
where σ = ihǫmk0 is the effective surface conductivity of the antennas of
thickness h and permittivity ǫm [104]. The fields in the substrate and the
superstrate should satisfy the standard continuity boundary condition over




−ẑ × HI‖ = −ẑ × HII‖ . (3.6b)
Over the antennas, the electric field is continuous and Eq. (3.6a) still holds,








Combining these constraints together with the modal expansions and using
the orthonormality of the basis functions, we obtain a system of three linear
equations:
in,τ + rn,τ = tn,τ , (3.7a)
Y I
n,τ (in,τ − rn,τ )− Y IIn,τ tn,τ =
∑
α,m
〈n, τ |jmα 〉 cmα , (3.7b)
∑
n,τ
〈jmα |n, τ 〉 (in,τ + rn,τ ) = σ−1cmα . (3.7c)
Eqs. (3.7a-3.7b) are obtained by multiplying Eqs. (3.6a-c) (from left) by 〈n, τ |
and Eq. (3.7c) is obtained by multiplying Eq. (3.5) (from left) by 〈jmα |. The
scalar product 〈n, τ |j〉 is defined as










{kny jx(x, y)− knx jy(x, y)}dx dy,










{knx jx(x, y) + kny jy(x, y)}dx dy.
where jx(x, y) and jy(x, y) are the x and y components of the current profile
|j〉. Eqs. (3.7a-3.7c) can be solved to obtain the amplitude of the scattered


































where the amplitude of the α-th current mode in the m-th antenna cmα is
∑
α′,m′
{σ−1δα,α′δm,m′ + Smα m′α′ }cm′α′ = χmα (3.12)
In Eq. (3.12), Smα
m′
α′ is the Green’s function that describes the cross-talk be-
tween the α-th current mode of the m-th antenna with the α′-th current mode
of the m′-th antenna in the unit cell. This coupling is mediated by the plane
waves of all (propagating and evanescent) diffraction orders n as given by
Eq. (3.13a). χmα is the direct coupling strength of the α-th current mode of






















In addition to the scattering characteristics, the eigenmodes of the structure
can also be determined by solving the secular equation
det{σ−1δα,α′δm,m′ + Smα m′α′ } = 0. (3.14)
In general, Eq. (3.14) can be satisfied only at complex frequencies ω = ωr+iωi,
showing that the eigenmodes have a finite lifetime due to either Ohmic losses
(when Re{σ} 6= 0) or radiative decay[55, 77]. A real eigenvalue ω may be
ideally achieved only in the limit of lossless meta-surfaces and for k‖ > k,
which ensures absence of absorption and radiation. While in this chapter we
assume a two-dimensional periodic array of the antennas, but the results can
be generalized to the case of an individual antenna. In that case, the sum
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over the discrete set of plane waves
∑
n
in the above expressions, should be
replaced by an integral over the continuum
∫ ∫
dkxdky.[40]
3.3 Collective response of Single-Antenna Metasurfaces
While Eqs. (3.10-3.12) fully characterize the optical properties of the
system, they have to be solved numerically. However, in the case when the
wavelength of the incident light matches the resonant wavelength of a particu-
lar current eigenmode |jmα 〉, truncation of the current modes’ basis can provide
simple and instructive expressions [73]. Indeed, it has been shown for the
case of perforated metal films that near the cut-off frequency of a particular
waveguide mode such a “minimal” model can provide a very good approxi-
mation [39, 49]. As will be shown later this situation holds for the antenna
geometries in the frequency range studied here. It is worthwhile mentioning
here, however, that as dimensions of antennas decrease and they become in-
creasingly subwavelength, the convergence of the MMT deteriorates and more
and more current modes should be considered.







we assume a dominant role for the fundamental (electric dipolar) antenna-
mode. Such a truncation allows us to get simple analytical expressions for the
transmission and reflection amplitudes which qualitatively explain the system’s
response yet quantitatively match the numerical results.
First we consider a structure with a single antenna per unit cell with
large length-to-width aspect ratio so that the fundamental current mode |j〉 ≡
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Figure 3.2: (Color online.) (a) Zeroth-order normal-incidence transmission
(solid lines) and amplitudes of the fundamental current mode (dashed lines)
for the single-antenna metasurface for the symmetric (ǫI = ǫII, black lines)
and asymmetric (ǫI 6= ǫII, red lines) claddings. (b) Zeroth-order transmission
of the single-antenna metasurface at the Wood’s anomaly as a function of the
dielectric contrast ǫI− ǫII(solid line) and the bare (without antennas) interface
transmission (dashed line). The structure parameters are as follows: ax =





with the current along the long antenna dimension dominates. In this
case Eq. (3.12) can be analytically solved for the current amplitude
c(k‖, ω) ≡ c11(k‖, ω) =
χ1(k‖, ω)Eext
σ−1(ω) + S11(k‖, ω)
, (3.15)






0,τ ) 〈j |0, τ 〉 is the coupling efficiency of the
antenna to the external field, the sum S11(k‖, ω) ≡ S1111(k‖, ω) as defined in
Eq. (3.13a), Eext = i0,τ and the rest of the in,τ ’s are assumed to be zero. In
section III and IV we assume that the incident polarization is along the long










































where the first term in the square bracket corresponds to the s-polarized
diffraction orders and the second term corresponds to the p-polarized diffrac-
tion orders. sinc(t) ≡ sin(t)/t can be approximated by unity for thin antennas
(t = kxax/2 ≈ 0). We emphasize that this sum converges much faster com-
pared to that in the dipole model. In the framework of the minimal model
the transmission and reflection coefficients of the single-antenna meta-surface






























Eqs. (3.17, 3.18) explicitly show two scattering pathways: (i) the direct trans-
mission (reflection) through the dielectric interface between the substrate and
the superstrate without interacting with the antennas and (ii) the field ra-
diated by the antennas due to the excitation of the current mode. These
two scattering pathways and the presence of the Wood’s anomaly [93, 112]
lead to a Fano interference resulting in an asymmetric lineshape typically ob-
served in antenna arrays (Fig. 3.2a) and systems with extraordinary optical
transmission. The condition of the vanishing denominator in the Eq. (3.15),
σ−1(ω) + S11(k‖, ω) = 0, approximately describes the eigenmodes dispersion
of the antenna array (cf. Eq. (3.14) for the exact expression).
Note that Eq. (3.15) strongly resembles that of the effective polariz-
ability of an array of dipoles in the dipole model [38]. In our case, Im{1/σ(ω)}
plays the role of “plasmonic polarizability” of the antennas while the role of
S11(k‖, ω) is similar to that of the dipole lattice sum. Note that because the
modal-matching technique is based on current expansion, the polarizability
and the lattice sum have π/2 phase shift as compared to the dipole model.
It can be shown that when the dipole sum of the dipole model is written in
the reciprocal space, the sums of both models have similar terms diverging at
the Wood’s anomalies. However, in contrast to the dipole model, the antenna
model fully considers the substrate, antenna shape and finite conductivity.
Here we limit our consideration to the mid-IR domain where antennas can be
considered as perfectly conducting (1/σ=0). Effect of the finite conductivity
of the antennas on Fano resonances will be considered elsewhere.
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Figure 3.3: (Color online.) Direct transmission at normal incidence calculated
using three methods: (i) first-principles COMSOL simulations (circles), (ii)
full MMT model (solid line), and (iii) the minimal MMT model (dashed line).










Figure 3.4: (Color online.) Angular-resolved zeroth-order (direct) transmission
through the single-antenna metasurface in (a) symmetric (ǫI = ǫII) and (b)
asymmetric (ǫI = 1, ǫII = 12) cladding. The parameters of the structure are
the same as in Figs. 3.2 and 3.3.
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Figure 3.3 compares the results obtained with the use of the analyti-
cal minimal model, the full MMT with a sufficient number of current modes
(such that the convergence is reached), and the full-wave COMSOL Multi-
physics simulations. The minimal model shows very good agreement with
both COMSOL and the full model. The inclusion of the higher-order modes
only insignificantly changes the spectra. Some discrepancy between the full
MMT and COMSOL is attributed to the rounding of the antenna corners
that was done in COMSOL to minimize the numerical error due to spurious
singularities at sharp corners.
3.3.1 Substrate effects on Wood’s anomalies
The substrate effect appears due to the finite dielectric contrast ∆ǫ =
ǫI− ǫII between the superstrate and substrate claddings, and in the MMT it is
described by the wave admittances (Yn,τ ) entering the expression for the sum
S11 [Eq. (3.13a)]. Predictions of the minimal model and the exact calculations
clearly show that the presence of a substrate strongly affects the scattering
characteristics of the antenna array (Fig. 3.2). This effect can be fully under-
stood from the analytical expressions of the minimal model. Let’s first consider
the case of a Wood’s anomaly that indicates the onset of a diffraction order and
appears in the transmission spectrum as a maximum (for symmetric cladding,
ǫI = ǫII) or as a kink (in the general case) and represents the sharpest feature
of the spectrum. Finite optical contrast between the substrate and the super-
strate makes the sum S11 converge at the onset of the s-polarized diffraction
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orders which manifests as the suppression of the Wood’s anomalies.
Indeed, as can be seen from the expression for S11(k‖, ω), in the case
of a symmetric cladding (ǫI=ǫII) there is a divergent term corresponding to
the onset of a s-polarized diffraction order |n, s〉; when the diffraction or-
der experiences a transition between the evanescent and propagating regimes
Yn,s ∼ knz vanishes and the lattice sum S11(k‖, ω) diverges as 1/knz . This gives
rise to the Wood’s anomaly and vanishing of the current mode in the antennas
c(k‖, ω) → 0, as illustrated by black dashed curve in Fig. 3.2a. Thus, at the
Wood’s anomaly, antennas are inactive and invisible (t0,τ = 1 and r0,τ = 0) as
can be seen from Eqs. (3.17-3.18).
In the case of an asymmetric cladding, ǫI 6= ǫII, the same term of
the lattice sum that was divergent for the symmetric case, assumes the form
1/(kn,Iz +k
n,II
z ) and, since k
n,I
z 6= kn,IIz , the lattice sum S11(k‖, ω) never diverges.
As shown in Fig. 3.2a by red dashed curve, even at the Wood’s anomaly, the
current in the wires c(k‖, ωWA), does not vanish and the antenna array scatters
the radiation.
The fact that antennas remain polarized and contribute to scattering
at the Wood’s anomaly for any finite value of the optical contrast ∆ǫ is illus-
trated by Fig. 3.2b, where the transmission at the wavelength corresponding
to Wood’s anomaly of the antenna array on the substrate (solid line) is plotted
along with that of the bare (i.e., no antennas) interface (dashed line). The two
curves intersect only for the case of a symmetric cladding and the discrepancy






















































Figure 3.5: (Color online.) (a) Comparison between the exact treatment of the
substrate and the result of the homogenized antenna’s environment according
to the effective medium theory (dashed line). (b) Deviation of the resonance
spectral position (∆λ/λr) predicted by the effective medium approach from
the exact result λr shown in the inset.
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tenna array on the substrate never reaches that of the bare interface. It is also
remarkable that the transmission of the antenna array appears very asymmet-
ric with respect to the sign of the contrast and the difference can reach tens of
percent. This asymmetry is caused by the presence of the Wood’s anomaly of
the second medium whose diffraction order dominates in the regime of ǫI > ǫII.
3.3.2 Substrate’s influence on collective antenna resonances
The spectral position of the collective electric dipolar antenna reso-
nance corresponds to the minimum of the transmission or the maximum of
the reflection spectra. It can also be found from the zeros of the imaginary
part of the denominator in Eq. 3.15. In this chapter, the length of the antennas
are such that the observed collective mode stems from the λ/2 resonance of
an individual antenna (as can be seen from the charge distribution plotted in
the inset to Fig. 3.3). As can be seen from dashed curves in Fig. 3.2a, it also
corresponds to the maximum of the current amplitude c excited in the anten-
nas. Note that a good agreement between the MMT and COMSOL spectra
near the resonance in Fig. 3.3 indicates that our model fully accounts for the
modified polarizability of the antennas caused by the presence of the substrate.
The presence of the substrate and suppression of the Wood’s anomalies
dramatically affect the angular dispersion of the resonance and change its na-
ture. Figure 3.4(a) shows that for the case of a symmetric cladding we observe
the effect of “dragging” of the mode by the Wood’s anomaly[38, 78], which
results in its strong spatial dispersion. This strongly dispersive character of
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the mode is a manifestation of its collective origin. Indeed, the long-range
interaction among the individual metamolecules results in the appearance of
the collective modes which are spectrally displaced and sharper as compared
to those observed in the individual metamolecules [38, 78]. However, for the
case of an asymmetric cladding, shown in the Fig. 3.4b, the dragging effect is
diminished and the resonance crosses the Wood’s anomalies, every time reduc-
ing its quality factor due to the opening of additional radiative channels. The
resulting non-dispersive behavior and lower quality factor of the mode imply
that the resonance has lost its collective character and represent local excita-
tion modified by the complex electromagnetic environment. Note that for the
confined mode of the periodic metasurfaces, i.e. non-leaky spoof plasmons,
presence of the substrate and associated suppression of the collective behavior
may result in the disappearance of the mode [16].
By following the resonant frequency corresponding to the minimum
of the transmission spectrum (Fig. 3.5a) one can also track its spectral po-
sition as a function of the dielectric contrast ∆ǫ. Inset to Fig. 3.5b shows
the corresponding spectral shift of the resonance. The frequency of the reso-
nance shows nearly linear dependence on the contrast. We emphasize that the
effect of the substrate on the antenna polarizability cannot be rigorously de-
scribed by a basic dipole model, but can be phenomenologically incorporated
into it. One of the most common approaches to include the optical contrast
is to use an effective medium approach[81] and approximate the permittiv-
ity of the background medium by some uniform effective ǫeff . For example,
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for layered media homogenization involves averaging permittivities or their
inverse [75, 117]. Note that the choice of homogenization procedure largely de-
pends on the polarization of the waves. In the present work, our main interest
is in s polarization because the interaction among electric dipoles in far field
has a transverse character and therefore, in periodic structures, the interaction
is mediated by s polarized diffraction waves. It is this polarization that ex-
periences Wood’s anomalies, gives rise to collective resonances, and perceives
average permittivity ǫeff = (ǫI + ǫII)/2. We also limit our consideration to
the case of s polarized incidence. The validity of the effective medium ap-
proximation can be tested by comparing the spectral position of the resonance
calculated for the antennas embedded into the effective medium with the ex-
act MMT result. Figure 3.5b shows the deviation of the resonance frequency
as predicted by the effective medium theory from the exact result. One can
see that the agreement between the effective medium approach and the exact
MMT calculations is rather good. However, it can be seen from Fig. 3.5a that
the effective medium approximation fails in predicting the transmission and
reflection, especially close to the Wood’s anomaly.
3.4 Fano resonance in double-antenna meta-surfaces
Next, the MMT for the double-antenna meta-surface (DAM) shown
in Fig. 3.1b is considered. In this case, the truncation of the basis to the
fundamental modes in both antennas, results in a minimal model with a 2x2
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is the coupling strength of
the incident light (|0, τ〉) to the fundamental current modes.





















Figure 3.6: (Color online.) Comparison of the zeroth-order transmission
spectra of a double-antenna metasurface on the substrate for 50◦ angle of
s-polarized incidence calculated with the use of COMSOL Multiphysics, and
the minimal and full MMT models. The structure parameters are as follows:
ax = 0.3 µm, ay = 1.5 µm, Px = Py = 1.8 µm, Dx = 0.6 µm, ǫI = 1, and
ǫII = 12.
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Using the unitary transformation
csub = c1 exp(ikxDx/2)− c2 exp(−ikxDx/2),
csup = c1 exp(ikxDx/2) + c2 exp(−ikxDx/2), (3.20)
the basis of the two fundamental electric currents can be changed to the more
instructive basis of the sub-radiant and super-radiant current modes. In the














where ∆=−1/2[S12 exp(ikxDx)+S21 exp(−ikxDx)] and κ=i/2[S12 exp(ikxDx)−
S21 exp(−ikxDx)]. These modes are the result of the radiative coupling of the
electric dipole moments of the antenna pairs [68, 78, 114]. The super-radiant
and sub-radiant modes have distinct symmetric and anti-symmetric charge
distributions, while the currents corresponding to them are collinear and anti-
collinear, respectively, as illustrated by the inset to Fig. 3.6. The modes inter-
action makes them blue-shifted (super-radiant) and red-shifted (sub-radiant)
with respect to the electric-dipolar resonance of SAM. Another consequence
of such hybridization and different symmetry of the modes is their different
radiative coupling efficiency. The sub-radiant mode is not directly coupled to
the incident light. The latter fact is reflected in the mode’s name and directly
follows from the zero radiative coupling strength on the RHS of Eq. (3.21).
With the use of Eqs. (3.10,3.11) we obtain a set of minimal-model
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Figure 3.7: (Color online.) (a) Zeroth-order s-polarized transmission spectra
of the double-antenna meta-surface for the symmetric (ǫI=ǫII=12, blue line)
and asymmetric (ǫI=1, ǫII=12, red line) claddings. (b) Amplitude of the sub-
radiant (dashed lines) and super-radiant (solid lines) current modes. The
parameters of the structure and the incidence angle are the same as in Fig. 3.6.
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Figure 3.8: (Color online.) Deviation of the spectral position (∆λ/λr) of
the dipolar (red lines with circle markers) and quadrupolar (blue lines with
triangle markers) resonances predicted by the effective medium approach from
the exact results λr shown in the inset.
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Note that because of their coupling, csup and csub are not the true
eigenmodes of the system. The true eigenmodes which will be referred to
as electric dipolar d and electric quadrupolar q, named according to their


























χEext, Sq = S11 −X, (3.25)
Henceforth the prefix “electric” will be omitted for these modes. In the
particular case of normal incidence, the quadrupolar mode q exactly coincides
with the sub-radiant mode csub since its coupling to the super-radiant mode
csup vanishes (κ → 0 as k‖ → 0). However, at finite angles of incidence,
this mode acquires a finite electric-dipole moment and its radiative coupling
and bandwidth gradually increase. The dipolar mode, in contrast, is always
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strongly radiatively coupled and is spectrally broad at any incidence angle.
Eqs. (3.22-3.23) describe a Fano resonance of a single "continuum" interacting
with two "discrete" dipolar (d) and quadrupolar (q) resonances. However,
the bandwidth of the last two is very different due to their different radiative
coupling.
The transmission spectrum of DAM for an oblique incidence of 50◦ cal-
culated using the minimal model, full MMT and COMSOL solver are plotted
alongside in Fig. 3.6. As before, the different techniques show very good agree-
ment, which implies the applicability of the analytical minimal model even for
the description of light scattering by more complex metasurfaces such as DAM.
Two resonances, a broad one due to the excitation of the dipolar mode and
a narrow one due to the excitation of the quadrupolar mode, are clearly seen
in the spectra. As expected, the narrow resonance has a strongly asymmetric
shape typical for Fano resonances.
3.4.1 Dipolar mode
Because the dipolar and quadrupolar resonances are spectrally sepa-
rated and the quadrupolar resonance is spectrally narrow, first we can consider
the dipolar resonance individually. It has been recently shown that the collec-
tive dipolar resonance in DAM appears to have spatial dispersion [ω(k‖)] very
different from that found in SAM [78]. Using the basic dipole model, this dif-
ference was shown to be due to the suppression of the long-range interactions
in DAMs. MMT provides analogous results. In the present case, however, the
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role of the substrate and the antenna geometry are fully taken into account.
In DAM, the Wood’s anomalies would have corresponded to the divergences
(or local maxima for an asymmetric cladding) of the effective Green’s function
Sd = S11 + X playing the role of the lattice sum in the dipole model or the
Green’s function S11 of SAM. However, it can be shown that exactly at the
frequency where the Wood’s anomaly is expected, the diverging terms in S11
and X exactly cancel out eliminating the divergence, thereby suppressing the
spectral features associated with the Wood’s anomaly [78]. Thus, in the DAM
case, Wood’s anomaly appears to be suppressed even for a symmetric cladding
(∆ǫ = 0). Therefore for the asymmetric cladding, the Wood’s anomaly is sup-
pressed by two mechanisms: one due to substrate/superstrate contrast just as
in the case of SAM, and another one due to disconnected topology of DAM.
Note, however, that despite such suppression, one might still observe some
variations of reflectivity in the vicinity of the expected Wood’s anomalies,
which is a result of the opening of the diffraction channel and change of the
mode’s radiative lifetime. [78].
3.4.2 Quadrupolar mode
Now we focus on the quadrupolar resonance. The narrow spectral re-
gion where the transmission undergoes a rapid variation is especially interest-
ing because of the strong field enhancement and slow light regime reported
earlier [35, 114]. The asymmetric shape of the spectrum is the result of the
Fano interference between the quadrupolar resonance and a background pro-
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vided by two transmission channels: (i) the direct transmission without inter-
action with the array, and (ii) the radiation scattered by the dipolar resonance.
This background is nearly constant and is featureless over the spectral width
of the quadrupolar resonance where the transmission changes from its max-
imal value to zero. It can be analytically shown that the transmission peak
corresponds to the divergence of csub and zero of csup(Fig. 3.7b). Because only
the super-radiant mode (csup) is coupled to the radiation, the antennas do not
radiate at this frequency and the transmission acquires a universal value of the
transmission of the bare interface between the substrate and the superstrate
as seen from Eqs. (3.22,3.23). Note that this behavior is different from that
found for another type of Fano resonances, Wood’s anomalies in SAM, when
for an asymmetric cladding configuration, the radiative current mode always
had some finite amplitude.
In the previous section, it was demonstrated that the effective medium
approach accurately predicted the spectral position of the dipolar resonance for
SAM. Here we test this approach for both cases of the dipolar and quadrupolar
resonances in DAM. At first, the inset to Fig. 3.8 shows the spectral position
of the resonances calculated by the full MMT approach as a function of the
dielectric contrast, and Fig. 3.8 shows the deviation from the exact result.
The effective medium theory matches well with the exact MMT results for
both quadrupolar and dipolar resonances. However, just as in the case of
SAM, the homogenization approach does not succeed in predicting the trans-
mission/reflection spectra.
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Finally, we observe that in contrast to the dipolar mode, the quadrupo-
lar mode in DAM is strongly affected by the Wood’s anomaly. From the ex-
pression for its amplitude Eq. (3.25) one can see that for the quadrupolar
mode the divergence in the Green’s function S11 − X does take place in the
case of a symmetric cladding ǫI = ǫII. The effect of the Wood’s anomaly on
the quadrupolar resonance of the DAM is expected to be especially significant
for large angles of incidence, when they approach each other. This results
in a strong spatial dispersion of the quadrupolar mode observed earlier both
in mid- and near-IR plasmonic DAMs [78]. For the case of an asymmetric
cladding the effect of the Wood’s anomaly on the quadrupolar resonance is
again suppressed due to the mismatch of the wave admittances in the sub-
strate and the superstrate and all the arguments about the suppression of the
Wood’s anomalies used in the previous section for SAM are applicable here.
3.5 Electromagnetically Induced Transparency
In this section the effect of substrate on EIT is studied. It is worth men-
tioning that EIT-like electromagnetic response can be found in early studies
on frequency-selective surfaces [22]. Acoustic counterpart of EIT has also been
reported recently [48]. Here we consider a periodic dolmen structure with three
antennas in its unit cell [118],[86],[68],[108],[114] [shown in Fig. 3.1c] is studied.
This design was first introduced to mimic EIT in plasmonic structures for nor-
mally incident x-polarized light [118]. Two vertical antennas on the dolmen
structure are responsible for formation of the quadrupolar mode analogous
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to that described in the previous section. This mode plays the role of the
sub-radiant mode of EIT. The horizontal antenna provides a spectrally broad
electric dipolar resonance. Its length is chosen in such a way that the central
frequency of the dipolar resonance is matched to the frequency of the sub-
radiant (quadrupolar) mode. The position of the horizontal antenna within
the unit cell defines the degree of symmetry breaking of the metamolecule
and the intensity of coupling between the two modes. The sub-radiant mode
is completely decoupled from x-polarized incident radiation if the antenna is
placed equidistantly between the two nearest vertical double antennas, Dy = 0.
However, as soon as the horizontal antenna is displaced vertically from this
position (Dy 6= 0), the sub-radiant mode couples to the incident radiation in-
directly through the dipolar mode of the horizontal antenna. This coupling
to the sub-radiant mode results in a transmission/reflection spectrum typical
for the EIT: a sharp transmission resonance embedded into a region of highly
reflecting background provided by the dipolar antenna mode. Note that for
the polarization under study the dipolar mode of two-vertical antennas is not
excited since there is no y-component of the incident electric field. In princi-
ple, this mode could be excited indirectly provided that the symmetry of the
metamolecule is reduced further by displacing the horizontal antenna in the
x-direction [114]. However, this situation will not be considered here.
Within the minimal model, limiting the current basis to only funda-
mental current mode for each antenna and neglecting finite conductivity of
the metallic antennas (1/σ = 0), the EIT structure can be described by a 3x3
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where Smm′ ≡ Smm′11 represents the effective Green’s function given by Eq. (3.13a),
and χ =< j3|0 > 2Y I0,τ/(Y I0,τ + Y II0,τ ) is the coupling strength between the inci-
dent light and the horizontal antenna (labeled as “3”). The RHS of Eq. (3.26)
reflects the fact that the vertical antennas are not coupled to the x-polarized
incident light. On the other hand, the presence of off-diagonal matrix elements
in the LHS of this equation indicates that they are coupled to the horizontal
antenna. It follows from the symmetry of the structure that the basis of three
currents is redundant for the case of x-polarized normal incidence, under which
the dipolar mode of the antenna pair Dy cannot be excited. By performing
the unitary transformation Dy = c1 + c2, Q = c1 − c2 and Dx = c3, the non-
interacting Dy mode can be eliminated. The truncated governing equation for














where SQ = 1/2(S11−S12), SDx = S33, and the coupling between the modes is
given by κ = S13. Note, that unless the horizontal antenna is placed symmetri-
cally (in which case κ = 0), the modes Dx and Q are not eigenmodes of the EIT
structure, since they are coupled to each other through the off-diagonal matrix
elements in the LHS of Eq. (3.27). This coupling gives rise to hybridization of
the sub-radiant mode Q and the super-radiant mode Dx and formation of new
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Figure 3.9: (Color online.) Substrate effect on the normal-incidence zeroth-
order transmission spectra of the dolmen metasurface for different values
of symmetry-breaking parameter Dy. Horizontal antenna’s dimensions are
ax = 1.79µm, ay = 0.6µm. Vertical antennas are identical with ax = 0.6µm
and ay = 1.7µm and separated by Dx = 1.2µm. ǫI = 1, ǫII = 12, and
Px=Py=4µm.
79
mixed states – quasi-dipolar D̃x and quasi-quadrupolar Q̃. Both of these modes
are coupled to the incident electromagnetic field, but have very disparate cou-
pling efficiency. The true eigenmodes of the structure can be found through
an eigen-decomposition procedure, D̃x = 1/(1 + η
2)Dx + η/(1 + η
2)Q and
Q̃ = 1/(1+ η2)Q− η/(1+ η2)Dx where η = (SQ−SDx −∆)/2κ [that tends to
zero in the case of a vanishing coupling κ → 0] and ∆ =
√
(SQ − SDx)2 + 4κ2.
Then the equations for the eigenmodes’ amplitudes assume the form
D̃x =
2/(1 + η2)




SQ + SDx +∆
χEext, (3.29)






























Dx = D̃x − η Q̃. (3.32)
The transmission spectra of the structure are shown in Fig. 3.9. The
different curves demonstrate how the radiative coupling of the sub-radiant
mode increases when the symmetry of the metamolecule is gradually reduced
by increasing the parameter Dy. This manifests, at first, as an appearance of
the sharp and narrow EIT transmission peak and a gradual increase of the EIT
peak bandwidth. It is remarkable that regardless of the symmetry breaking
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degree, the maximum of the EIT peak always tends to the same value defined
by the transmission of the bare dielectric interface between the substrate and
superstrate. Therefore we can claim that this is rather general rule for all Fano
resonant systems, where a Fano resonance originates from the structure of the
metamolecule and not from Wood’s anomaly as in the case of SAM.
3.6 Conclusions
We investigated the effects of a substrate on three different mid-IR
Fano metasurfaces and found that a finite refraction-index contrast between
the top and bottom claddings dramatically changes the optical response of
the structures. In addition to the expected spectral shift of the resonances
induced by the substrate, a dramatic change in the collective behavior of the
systems was found. The widely used effective medium technique was tested.
While satisfactorily predicting the spectral positions of the resonances, it fails
to describe other scattering characteristics of the structures. The Wood’s
anomalies and modes’ dispersion were found to be strongly affected by the
presence of a substrate. Divergences corresponding to the onset of the s-
polarized diffraction orders disappear whenever the refractive indices of the
substrate and the superstrate are mismatched, resulting in the suppression
of the spectral features associated with the Wood’s anomalies and giving rise
to anomalously flat dispersion of the modes. As the Wood’s anomaly and
the surface resonances of the periodic metasurfaces can be considered as a
Fano resonance due to the collective interaction of metamolecules, it can be
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concluded that the presence of a substrate destroys the Fano picture. As a
consequence, the dramatic effect of the onset of the diffraction orders reduces
to the less dramatic change of the modes radiative lifetime. The nature of the
modes also changes as they lose their collective character and start resembling
local resonances yet modified by their complex environment.
In addition to this collective Fano resonance, we also studied the effect
of the substrate on Fano resonances originating from the local geometry of
the metamolecules. Two types of Fano systems were considered with a sharp
quadrupolar resonance detuned from (double-antenna metasurface) and tuned
to (dolmen metasurface) the dipolar resonance providing the Fano background.
In both systems the Fano resonances survived after the introduction of the
substrate but were affected due to the modification of the frequencies of both
low-Q (dipolar) and high-Q (quadrupolar) resonances as well as additional
reflection from the substrate. A universal behavior was discovered for both
systems: (a) the peak transmission reached the value corresponding to the
bare interface, and (b) antennas became effectively invisible at the frequency of
the Fano resonance. These findings will be useful for designing non-dispersive
photonic devices with a wide-angle optical response.
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Chapter 4
Effects Of Topology of Unit Cells On Scattering
Properties of Meta-Surfaces
4.1 Introduction
The importance of metamaterials operating in the IR and visible do-
mains for various applications, including plasmonics [15], photovoltaics and
thermo-photovoltaics [10], and sensing [2, 65, 69, 116] is hard to underestimate.
For this reason, the metamaterials with a resonant response at optical fre-
quencies have recently attracted significant attention. In periodic plasmonic
metamaterials, collective effects are known to play an important role, and
give rise to such effects as extraordinary optical transmission (EOT) [27, 74],
the formation of collective guided modes [11, 107, 110] such as spoof [39, 87]
and hybrid spoof surface plasmons [77], and an increased lifetime of reso-
nances [25, 61, 120–122].
The collective behavior in optical metamaterials originates from inher-
ent nonlocal effects. In the case of a periodic assembly of meta-molecules, the
major source of non-locality is long-range interaction [5, 11, 38, 110, 121, 122].
Collective long-range effects are most strongly manifested at the onset of Bragg
diffraction, when the period is comparable to the wavelength and the cor-
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Figure 4.1: (a) Schematics of a double-antenna meta-surface on a substrate.
(b) SEM image of the sample grown on CaF2 (ǫ = n
2 = 1.96). The structure
dimensions are ay = 1.8 µm, ax = 0.3 µm, P = Px = Py = 2.25 µm, and
d = 0.8 µm.
relation length effectively diverges. In this case, the long-range interaction
dominates over the near-field interaction and gives rise to the appearance of
Wood’s anomalies [112]. Even at longer wavelengths the long-range interac-
tion can significantly affect the optical response of metamaterials. It has long
been recognized that both Wood’s anomalies and the structure of the unit cell
(e.g., its dipole polarizability) strongly influence metamaterial response. For
example, the spectral positions of EOT maxima are influenced by the size and
shape of the holes in the metal film [38, 39]. The effect of the topology of the
unit cell, on the other hand, has not received significant attention.
In this chapter, we demonstrate that collective long-range effects can
be considerably reduced for unit cells comprised of a pair of disconnected an-
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tennas. We theoretically and experimentally study a meta-surface which rep-
resents a two-dimensional periodic array of double plasmonic antennas [60].
We focus on the frequency range where the individual antennas experience an
electric-dipolar antenna resonance [3, 83]. The double-antenna meta-molecule
represents the simplest design experiencing a quadrupolar [68, 114] resonance
along with the dipolar resonance, stemming from the single-antenna resonance.
When the meta-molecules are arranged to form a periodic array, the collective
dipolar and quadrupolar modes emerge from the resonances of the individ-
ual meta-molecules. To analyze the collective behavior of this structure, we
use a standard dipole model [5, 11, 38, 54, 121, 122]. We show that the dipole
model can qualitatively describe the experimentally observed anomalous col-
lective response of the meta-surface. These results are confirmed by a rigorous
numerical modal matching technique [26].
In this work, theoretical calculations and numerical modeling were per-
formed by the author and Dr. Alexander B. Khanikaev, angular-resolved FTIR
spectroscopy was performed by Burton Neuner III, and nanoscale sample fab-
rication was performed by David Y. Fozdar.
The chapter is organized as follows: in Section 2 we outline the dipole
model of a single-antenna meta-surface (SAM), followed by its extension to
the double-antenna meta-surface (DAM). In Section 3 we present the experi-
mental and numerical results and explain the observed behavior applying our
analytical model. The results for SAM and DAM are compared and the ob-
served differences are discussed. Finally Section 4 summarizes our results and
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puts them into perspective with meta-surface applications.
4.2 Optical response of SAM and DAM structures
To understand the physics underlying the optical properties of DAM
and demonstrate the importance of the meta-molecule geometry on the col-
lective response, we use as a reference its well-understood counterpart, which
consists of periodically arranged single plasmonic antennas. In this chapter,
we will focus on the case of s-polarized incidence for which DAM and SAM
exhibit a strong discrepancy and DAM experiences a quadrupolar resonance.
An s-polarized incidence is defined by the wave-vector of the incident wave
in the xz-plane (ky = 0, kx 6= 0) and the electric field along the antennas (y
direction).
4.2.1 Single-antenna meta-surface
First, we outline the dipole model, commonly used to describe collective
effects in plasmonic metamaterials [5–7, 11, 38, 54, 121, 122]. In its simplest
version, the dipole model treats each meta-molecule with a finite size as a
point electric-dipole p with a polarizability α relating the local electric field
Eloc to the dipole moment, p = α(ω)Eloc. The local electric field polarizing
the dipole at the position r is the superposition of the incident electric field
and the electric field scattered by the other dipoles in the assembly, Eloc(r) =
Eext(r) +
∑
m 6=0 Em(r), where the sum excludes the self-interaction, Em(r) =
ĝ(Rm − r) exp[−ik‖ · (Rm − r)]p, ĝ(r) = (∇∇+ k2) exp(ikr)/r is the dipole-
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dipole interaction tensor, k = nω/c where n =
√
ǫ stands for the refractive
index, k‖ = (kx, ky) is the in-plane wave-vector, and Rm is the position of the
m-th dipole in the array. By assuming that the antennas are polarizable only




























where S0(k‖, ω) is the interaction lattice sum. The 0-th order reflection and




αeff , t = 1 + r.
The collective eigenmodes of the dipole array, corresponding to the
supported surface modes, are defined by the singularities of the reflection and
transmission coefficients or by zeros of the denominator α−1(ω)−S0(k‖, ω). In
general, this condition can be satisfied only at complex frequencies ω = ωr+iωi,
showing that the eigenmodes have a finite lifetime due to Ohmic losses or
radiative decay [55, 77]. A real eigenvalue ω may be ideally achieved only in
the limit of lossless meta-surfaces and for k‖ > k, which ensures absence of
absorption and radiation.
The Wood’s anomalies correspond to the frequencies at which the dipoles
in the array are suppressed (αeff = 0) and the array is effectively invis-
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ible and transparent to the incident radiation (r=0, t=1). This happens
at the onset of the diffraction orders, for which the lattice sum diverges
S0(k‖, ω) → ∞. The origin of this divergence can be understood by con-
sidering a simpler model of a linear chain [5, 8, 110] of dipoles arranged along
the x direction. A divergent term in this sum originates in the long-range
interactions (gyy(x → ∞, y = 0) ≈ k2 exp(ikx)/x) between dipoles.











At the onset of l-th diffraction order, where k = ±(2πl/Px + kx), the lattice








To make the connection of Wood’s anomalies with diffraction more
clear, it is instructive to consider the lattice sum S0(k‖, ω) in the reciprocal













ǫ(ω/c)2 − (kx + l 2π/Px)2 − (ky + q 2π/Py)2 → 0. Note, however,
that for some diffraction orders there are no Wood’s anomalies, since A(l,q) =
2πi
PxPy
[k2 − (ky + 2πq/Py)2] tends to zero faster than k(l,q)z providing no contri-
bution to the lattice sum at the onset of diffraction order. For example, this
situation appears for the p-polarized (0,±1) diffraction order, which, from the
physical point of view, can be explained as a result of transverse character
of the long-range interaction among dipoles, which do not radiate in the far-
field along the direction of their moments (gyy(x = 0, y → ∞) ∼ 1/y2 while
gyy(x → ∞, y = 0) ∼ 1/x).
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4.2.2 Double-antenna meta-surface
The dipole model can be generalized to the case of two parallel dipoles
per unit cell, corresponding to a pair of plasmonic antennas in DAM. Let us
consider two point-dipoles with electric dipole moments p1 and p2 aligned along
the y-direction and separated by a distance d along the x-direction under an
s-polarized illumination with ky=0. Assuming the same polarizability α for
both dipoles, we obtain a relation for the dipole moments in the array:
[
α−1 − S0 −S+











where Eext is the external electric field at the center of the 0th unit cell, S0 =
∑
m 6=0 gyy(Rm) exp(−ik‖ ·Rm) and S± =
∑
m gyy(Rm ± x̂d) exp(−ik‖ ·Rm).
The lattice sums S0 and S+/S− characterize the interaction strength within
and between two sub-lattices formed by p1’s and p2’s, respectively. The ba-
sis of the two electric dipoles can be changed to the more instructive ba-
sis of sub-radiant (quadrupolar) and super-radiant (dipolar) modes by the
unitary transformation psub = p1 exp(ikxd/2) − p2 exp(−ikxd/2) and psup =
p1 exp(ikxd/2) + p2 exp(−ikxd/2):
[
α−1 − S0 +∆ iκ











where ∆ = −1/2[S+ exp(ikxd) + S− exp(−ikxd)] accounts for the splitting
caused by the interaction between the two sub-lattices. This splitting makes
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the sub- and super-radiant modes red-shifted and blue-shifted, respectively,
with respect to the SAM’s electric-dipolar resonance. The disparity in the
radiative coupling of the modes, which is reflected in their names, can be seen
from the rhs of Eq. (3) which shows that only the super-radiant mode can
be excited by the incident field. By reciprocity, the subradiant mode is dark
and cannot radiate. Note that at normal incidence the coupling between the
modes κ = −i/2[S+ exp(ikxd)−S− exp(−ikxd)] vanishes, implying that in this
particular case the sub-radiant component psub cannot be excited, either by
the external field or through the coupling with the super-radiant mode psup.
For oblique incidence, however, the sub-radiant mode couples with the super-
radiant mode and therefore it is indirectly coupled to the external radiation.
While Eq. (3) is diagonal for normal incidence (k‖=0), this is not
the case for oblique incidence. In this case there is a coupling between the
super- and sub-radiant modes psup and psub which no longer represent the
eigenmodes of the system. Eq. (3) can be diagonalized through an eigen-
decomposition procedure using the transformation D = 1/(1+δ2)[psup+iδpsub]
and Q = 1/(1 + δ2)[iδpsup + psub]:
D =
1 +∆/X




α−1 − (S0 +X)
Eext, (4.4b)
where δ = (X −∆)/κ and X = (∆2 + κ2)1/2.
The physical meaning of the last transformation is to account for the
hybridization of sub-radiant and super-radiant modes which takes place at
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oblique incidence. Since the hybridization is weak (|δ| ≪ 1), the modes D and
Q are still dominated by super-radiant and sub-radiant components, respec-
tively, and also have very disparate radiative coupling. It would be reasonable
for these modes to be referred to as quasi super- and sub-radiant modes, how-
ever, for the sake of convenience we refer them to as dipolar and quadrupolar
modes. In the special case of normal incidence, the quadrupolar mode Q co-
incides with the sub-radiant mode psub (δ = 0) and is completely decoupled
from the incident light having its lifetime limited only by the Ohmic losses.
However, at finite angles, as a result of hybridization with the super-radiant
component psup, it acquires a finite electric-dipolar moment and its radiative
coupling and bandwidth gradually increase. The dipolar mode D, in contrast,
is always strongly radiatively coupled and hence it is spectrally broad at any
incidence angle.
Comparing Eqs. (4) with their single-antenna counterpart Eq. (1),
we can identify SD = S0 − X and SQ = S0 + X as effective lattice sums for
the modified modal coefficients D and Q of the double dipole meta-molecules.
Just as in the case of SAM, for DAM the modal dispersion can be obtained
by tracing the poles of the denominators in Eqs. (4).
The 0-th order reflection and transmission from the array can be ex-







(D − iδQ), t = 1 + r. (4.5)
The dipole moments of the antennas in the two sub-lattices can also be
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2 {1 + iδ
2
(D −Q)}. (4.6b)
In order to study the optical response of the array close to the onset of











































Here we focus on the (-1,0) order since in our case it is spectrally close to
the antenna resonance. As we approach the (-1,0) Wood’s anomaly, the terms
containing 1/k
(−1,0)






























δ → 1 + cos(2πd/Px)
sin(2πd/Px)
= tan[π/2− 2πd/Px].
Note that this approximation breaks down for normal incidence, since there are
two degenerate resonant terms, corresponding to (-1,0) and (1,0) diffraction
orders. Away from normal incidence, where this approximation holds, the 0-th
order reflection coefficient simplifies to
rWA =
2πik




As evident from Eq. (8), the divergent terms in SD = S0 −X cancel out, but
they are still present in SQ = S0 +X, implying that at the Wood’s anomaly,
the quadrupolar component vanishes (Q=0) but the dipolar component (D)
remains finite, hence the reflection does not vanish as in the SAM case.
Finally, it is worthwhile noting that there is a connection between the
SAM and DAM topologies. For a vanishing separation between the dipole
pair (d → 0), DAM reduces to a periodic array of single electric dipoles with a
polarizability 2α, thus confirming the self-consistency of the generalized dipole
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model. As d → 0, the Wood’s anomalies in DAM reappear and the quadrupo-
lar resonance disappears. At the position of the Wood’s anomaly, p2 = −p1
and psup=p1 + p2=0, implying that we restore the well-know result r=0 and
t=1, which also follows from Eq. (9).
4.2.3 Comparison between SAM and DAM
In general, one may expect a similar behavior for dipolar modes in SAM
and more complex meta-molecules, such as in DAM. However, the numerical
results show that in DAMs the character of interaction between antennas is
substantially changed. To illustrate this, we plot side by side the transmission
spectra of both SAM and DAM in Fig. 2. The SAM spectra (Fig. 2a) exhibit
spectral features of two kinds. One appears as a minimum of transmission and
corresponds to the coupling of the incident light to the collective dipolar mode
with a dispersion ωc(k‖) defined by the equation:
Re {α−1(ωc)− S0(k‖, ωc)} = 0. (4.10)
Another one appears as a maximum of transmission, corresponding to the
Wood’s anomalies (shown by the color arrows in Fig. 2a and the dashed
lines in Fig. 2c) of the array at the onset of the diffraction orders (k
(l,q)
z =
0). Note that this maximum never reaches unity due to the presence of the
substrate. While the dipole model considered above does not capture the
substrate effects, this can be accomplished by combining the model with the
S-matrix formalism [12, 17]. However, the modal matching technique used here
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to calculate the optical response of SAM and DAM [26] rigorously considers
the presence of the substrate.
For normal incidence the collective dipolar mode appears in close prox-
imity to the electric-dipolar mode of an isolated antenna. As can be seen
from Fig. 2(a,c), at larger angles it starts shifting due to “dragging” by the
substrate-side (-1,0) Wood’s anomaly and these two features always appear in
close proximity to each other for large angles. The presence of the Wood’s
anomaly and its effect on the dipolar resonance are clearly related to the role
of long-range interactions among meta-molecules and demonstrates the collec-
tive character of the mode [38]. Indeed, for an individual antenna the dipolar
resonance corresponds to the condition Re {α−1(ω0)} = 0, and the resonant
frequency ω0 is independent of the angle of incidence. The interaction among
dipoles in the array alters the resonance position and shifts it to the new
frequency ωc defined by Eq.(10). If the resonance of the single-antenna is sig-
nificantly away from the arrays Wood’s anomalies, S0(k‖, ωc) is small and the
resonant frequency ωc is close to the resonance of the individual antennas. In
this regime, the long-range interaction among meta-molecules is negligible and
the array response is dominated by individual inclusions. However, closer to
the Wood’s anomaly the effect of the interaction among dipoles will result in
a dramatic change in the frequency of the collective resonance ωc due to the
large value of S0(k‖, ωc) [38].
Note that because the dipolar long-range interaction among antennas
is effective only in the direction perpendicular to the antenna dipolar moment,
95
the Wood’s anomaly (and the "dragging" associated with it) appears only
for s-polarized incidence (ky = 0, kx 6= 0), i.e., when the wave-vector of the
incident wave lies in the xz-plane. For p-polarized incidence (kx=0, ky 6= 0),
when the wave-vector lies in the yz-plane, the dragging effect does not appear
within the framework of the dipole model.
Another effect of the periodical arrangement is the suppression of the
radiative losses of the dipolar mode [38], which has been recently utilized
for Surface Enhanced Infrared Absorption spectroscopy [2] and fluorescence
enhancement [45, 106]. Below the light line (k‖ > k), the imaginary parts of
α−1 and the lattice sum S0 exactly cancel out giving rise to the formation of
guided surface waves [5, 11, 38, 107, 110]. However, even above the light line,
when the collective dipolar eigenmodes correspond to complex or leaky waves,
the interaction results in suppression of a portion of the radiative decay of
the mode and the collective dipolar resonance appears spectrally narrower as
compared to the single-antenna dipolar resonance [25, 38, 61, 120–122].
Remarkably, we do not observe the expected sharp spectral features
at the frequencies corresponding to the substrate-side (-1,0) Wood’s anomaly
in the DAM case (Fig. 2b). The expected transmission peak is absent and
the spectral position of the collective dipolar mode appears to be insensitive
to the angle of incidence. This is a very peculiar behavior, since one would
expect that both in SAM and DAM the electric-dipolar moments of meta-
molecules interact through the same dipole-dipole mechanism, and therefore
should exhibit similar spectral behavior. It is also important to notice that
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Figure 4.2: Calculated transmission spectra for s-polarized light in (a,c) SAM
and (b,d) DAM perfectly conducting antennas on CaF2 substrate. In (a,b),
color arrows indicate the spectral position of the onset of the substrate-side
(-1,0) diffraction order where the Wood’s anomaly for SAM is observed while
for DAM it is suppressed. Offset between different curves is 0.7. In (c,d)
dashed lines show spectral position of substrate-side (gray) and air-side (blue)
Wood’s anomalies. Structure parameters are given in Fig. 1.
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the bandwidth of the modes in SAM and DAM is very different indicating
a different extent of the suppression of the mode’s radiative decay caused by
a different character of the long-range interactions among meta-molecules of
different topologies.
The analytical dipole model can readily describe the observed differ-
ence between SAM and DAM structures. We have shown that for SAM the
expression for S0(k‖, ω) diverges at the frequency corresponding to the onset
of diffraction orders. This gives rise to a Wood’s anomaly which appears as
a peak in the transmission spectrum. In the DAM case, one would expect
Wood’s anomalies due to the divergence of the effective lattice sum for the
electric-dipolar moment of Eq. (4), SD(k‖, ω) = S0(k‖, ω) − X(k‖, ω). How-
ever in DAM the diverging terms in S0(k‖, ω) and X(k‖, ω), as can be seen
from Eq. (8), cancel out exactly, resulting in the disappearance of the Wood’s
anomaly and eliminating the expected spectral features.
For qualitative explanation of this effect it is instructive to look at the
interactions in the dipolar array in the real space. For simplicity we consider a
single chain of double-antenna meta-molecules which captures all the physics
of the two-dimensional structure for the particular (-1,0) s-polarized diffraction
order. We consider one row of double-antenna meta-molecules arranged along
the x direction. From the first equality in Eq. (2), we obtain






Now we will show that at the onset of the (-1,0) diffraction order, the effective
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lattice sum for the p1’s dipoles, S1 = S0 +
p2
p1













A divergent term in this sum would have come from the long-range inter-
actions (decaying as r−1) among meta-molecules. Let us consider a DAM
meta-molecule (labeled m) located in the far-field from the origin. As can
be seen from the expression for gyy given in Eq. (1), in the far-field limit,



















At the (-1,0) Wood’s anomaly k = 2π
P
− kx and p2p1 = −e
i(kx−2π/P )d = −e−ikd,
according to Eqs. (6) and (8). Then the first term in the rhs vanishes and the








Thus, the interaction among the double-antenna meta-molecules decays too
fast to result in a divergence in the lattice sum, which gives rise to the observed
disappearance of the Wood’s anomaly.
The suppression of the long-range interaction results in anomalous dis-
persion of the collective dipolar mode D in DAM. This can be clearly seen by
comparing the spectral position of the minima corresponding to the collective
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dipolar modes in SAM and DAM transmission spectra in Figs. 2c and 2d.
One can see that in the case of SAM, the dipolar mode is strongly dispersive
because of "dragging" by the Wood’s anomaly while in the DAM it is rather
flat. In the case of SAM, the spectral position of the dipolar mode is strongly
affected by the presence of the diverging lattice sum in the denominator of Eq.
(1), α(ω)−1 − S0(k‖, ω), and the mode acquires strong angular dependence.
In contrast, in the case of DAM, the spatial dispersion of the mode is largely
reduced, due to the cancellation of the diverging terms in the effective lattice
sum SD(k‖, ω).
Now we focus on the quadrupolar resonance in DAM. From Eq. (8)
one can see that in this case the Wood’s anomaly survives because the effective
“lattice sum” SQ(k‖, ω) = S0(k‖, ω) + X(k‖, ω) for the quadrupolar moment
of the meta-molecules does diverge. As a result we see that the spectral po-
sition of the collective quadrupolar mode is affected by the Wood’s anomaly
and the resonance is “dragged” to the long wavelength range at large angles
(Fig. 2d). Just as in the case of the dipolar resonance in SAM, in DAM the
quadrupolar resonance follows the Wood’s anomaly and experiences a strong
spatial dispersion.
4.3 Experimental results
4.3.1 Fabrication and optical setup
SAM and DAM arrays with the area of 400×400 µm2 and dimensions
of the unit cell given in the caption of Fig. 1 were fabricated on 0.5-mm
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thick CaF2 substrates using electron beam lithography (EBL). Polymethyl
methacrylate (MicroChem 950 PMMA C2) was spun at 1700 revolutions per
second for 30 seconds on the substrate. A thin layer (5 nm) of chromium was
deposited on the PMMA to promote conduction. This layer was etched away
with chemical etchant (Transcene chromium etchant 1020AC) after exposure,
before developing the sample. Desired structures were written (dosage was
300nC/cm2 at 10pA beam current) using a Raith 50 EBL system and then
developed in 1:3 MIBK:IPA developer (MicroChem) for 40s. A 3-nm thin layer
of chromium was used to enhance the adhesion of the gold layer on quartz.
Then an 80-nm thick layer of gold was deposited using a thermal evaporator at
a base pressure of 9× 10−7 torr. Finally, the sample was immersed in acetone
for approximately one hour for liftoff. An SEM image of the fabricated DAM
structure is shown in Fig. 1b. The angular-resolved transmission data were
collected using a custom-made beamline based on a Fourier transform infrared
(FTIR) spectrometer with the beam diameter of 300 µm. All spectra were
normalized to a background of open transmission. In all cases spectra were
collected at a resolution of 8 cm−1 and consist of 256 averaged scans.
4.3.2 Mid-IR spectroscopy of SAM and DAM
Experimental results for both SAM and DAM are shown in Fig. 3,
which illustrates good agreement with the theoretical predictions in Fig. 2.
Comparison of linear plots [Fig. 3 (a,b)] for the two designs clearly shows dis-
appearance of the Wood’s anomaly for the double-antenna case and a trans-
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Figure 4.3: Experimental s-polarized transmission spectra for (a,c) SAM (b,d)
DAM structures made of 75-nm thick gold (Au) antennas. In (a,b) color arrows
indicate the expected spectral position of the onset of the substrate-side (-1,0)
diffraction order where the Wood’s anomaly for SAM is observed while for
DAM it is suppressed. Offset between different curves is 0.2. In (c,d) dashed
lines show spectral position of substrate-side (gray) and air-side (blue) Wood’s
anomalies. The structure parameters are given in Fig. 1. Courtesy of Dr.
Burton Neuner III.
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mission peak at the frequency of the onset of the s-polarized (-1,0) diffraction
is observed only for the case of single-antennas. The angular-resolved trans-
mission spectra, plotted in color in Fig. 3 (c,d), confirm the expected drastic
difference in the angular dependence of the spectral position of the dipolar
mode in SAM and DAM. While the range of the accessible angles of incidence
is limited by the experimental setup design, the dragging is still clear in the
SAM case at large angles. In contrast, for the DAM design, the suppression
of the far-field interaction among meta-molecules makes the spectral position
of the dipolar mode insensitive to the angle of incidence and it passes straight
through the gray dashed line where the Wood’s anomaly is expected. The
change in the character of the long-range interaction also alters the lifetime of
the dipolar mode which is broader for DAM.
The collective quadrupolar resonance in DAM can be seen around
λ = 6 µm, however it is not as pronounced as in the theoretical calculations,
which is probably the result of the imperfections of the structure. Indeed, it
is expected that the quadrupolar mode is more sensitive to metal roughness
and disorder as compared to the dipolar mode due to its higher quality fac-
tor. Nevertheless, the experimental data clearly reveal theoretically predicted
strong interaction among the quadrupolar moments of the meta-molecules.
This is manifested in the transmission spectra as a dragging of the quadrupo-
lar resonance by the Wood’s anomaly. One can see that, as the frequency
corresponding to the onset of the s-polarized substrate-side (-1,0) diffraction
order approaches the quadrupolar resonance, its spectral position red-shifts
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due to "repulsion" from the Wood’s anomaly.
4.3.3 Near-IR spectroscopy of SAM and DAM
The results presented so far have been limited to the mid-IR frequency
range where metals behave as nearly perfect conductors. However, one may
expect changes in the collective behavior of the periodic meta-surfaces in the
near-IR frequency range where plasmonic effects start playing an important
role in light-matter interaction. To reveal any changes associated with plas-
monic effects, we have to refer to previous studies of light scattering by DAM
structures. In Ref. [60], a silver (Ag) DAM was compared to a split-ring res-
onator metamaterial, and the dimensions of meta-molecules were scaled to
exhibit resonances and Wood’s anomalies in the near-IR spectral range.
The theoretical calculations, as shown in Fig. 4a, did not reveal any
changes in collective behavior as compared to the mid-IR domain presented
above. Again, the Wood’s anomaly is absent in the transmission spectra and
the dragging effect does not exist. Therefore, there is no evidence that plas-
monic effects in near-IR may result in reappearance of the far-field interaction
in DAM. The only effect of finite conductivity manifests as a modification of
the antennas’ polarizability and resonant frequency.
Near-IR experimental data reported in [60] for a silver DAM (fabricated
by EBL on a SiO2 substrate) confirm the theoretically predicted behavior. The
experimental results are presented in Fig. 4b, and clearly show the disappear-
ance of the Wood’s anomalies and anomalously flat dispersion of the dipolar
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Figure 4.4: Theoretical (a) and experimental (b) near-IR s-polarized transmis-
sion spectra for 75-nm thick plasmonic (Ag) DAM on glass (SiO2) substrate.
Vertical color arrows indicate the expected spectral position of the onset of
the substrate-side (-1,0) diffraction order. The offset between different curves
is 0.2. Structure parameters are ay = 350 nm, ax = 105 nm, ǫSiO2 = 2.25,
Px = Py = 600 nm, and d = 230 nm. Right panel is courtesy of Dr. Burton
Neuner III.
mode caused by the cancellation of the long-range interaction between the
double-antenna meta-molecules.
4.4 Conclusion
We have both theoretically and experimentally demonstrated the im-
portance of the topology of meta-molecules in the collective response of frequency-
selective meta-surfaces. A meta-surface comprised of a periodic array of double-
antenna meta-molecules was studied as an example. We have proposed an
analytical dipole model to provide a clear description of the suppression of
non-local effects and long-range interactions between dipolar moments of the
105
meta-molecules, resulting in the disappearance of the Wood’s anomalies and
anomalous dispersion of the collective modes of the structure. The predicted
results have been experimentally confirmed in mid- and near-IR spectral do-
mains. The discovered strong sensitivity of the spectral characteristics of col-
lective modes envisions new approaches to design metamaterials with engi-
neered optical properties that may avoid significant spatial dispersion effects






Recently there was a significant interest in plasmonic metamaterials
stemming from their great promise in optical applications. The main ad-
vantages brought by the metamaterials originate in the unique optical prop-
erties of these artificial electromagnetic structures unavailable in their natu-
rally occurring counterparts. Among these advantages are long lifetime of the
modes and high density of electromagnetic energy achievable due to strong
field confinement, and as a result, significant boost in light-matter interac-
tion. In this context, asymmetric Fano resonant metasurfaces hold great
promise [35, 68, 71, 76] by enabling ultrasensitive gas sensing [69], biosens-
ing [113], broad-band slow-light [114], and other applications. On the other
hand, the asymmetry of such metasurfaces endows them with unique polariza-
tion properties; it enables polarization-dependent response [114] and polariza-
tion conversion [102, 103, 119], which, to our knowledge, have not been studied
in the context of Fano resonances. The possibility to convert polarization of
light with ultrathin metasurfaces instead of bulky wave plates is especially at-
tractive for practical applications. High-efficiency frequency-selective surfaces
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operating in terahertz has been recently introduced for polarization conver-
sion [102]. Linear-to-circular polarization converters for visible light based on
complementary (holey) metamaterials in deeply plasmonic regime have also
been recently proposed [119]. Fano-resonant structures can be interesting for
polarization-conversion applications because of the plasmonic analog of electro-
magnetically induced transparency (EIT) [68, 86, 118]. In conventional (non-
EIT) metasurfaces, resonant modes’ excitation results in strong reflection of
light accompanied by a significant reduction in transmission. In Fano-resonant
metasurfaces with EIT, one can overcome this limitation and boost the trans-
mission. Here we apply this approach and design a plasmonic metasurface
operating in mid-IR frequency range which exhibits a linear-to-circular polar-
ization conversion with transmission reaching 40%. One of the benefits of the
proposed approach to polarization conversion is the spectral selectivity stem-
ming from the fact that, in contrast to other metasurface designs [86, 118],
the EIT peak, where polarization conversion takes place, is surrounded by
low transmission region. Thus, the structure naturally cuts off those spec-
tral regions where polarization conversion does not take place or is not very
efficient.
In this Chapter we introduce a new design of an asymmetric meta-
surface and study its optical response, including optical activity in the EIT
regime. In this work, theoretical calculations and numerical modeling were
performed by Dr. Alexander B. Khanikaev and the author with an equal
contribution (as stated in the published work). Numerical simulations were
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performed using COMSOL Multiphysics. For the permittivity of the metal
(silver), the Drude model was used with the parameters taken from Ref. [53]:




where ǫ∞ = 3.7, the plasma frequency ωp = 13.673 × 1015 rad/s, and the
damping frequency γ = 2.735×1012 rad/s. The structure schematically shown
in Fig. 5.1a represents a periodic array of vertical wires with attached hori-
zontal monopole antennas of length lM interacting with disconnected vertical
dipole antennas of length lD. The vertical wire plays the role of a “ground
plate” [1, 29] for the monopole antennas connected to it (Fig. 5.1b). The resul-
tant structure shows a resonant response for both x- and y-polarizations. In
particular, the vertical dipolar antenna provides a low-quality (Q ≈ 5) reso-
nance for y-polarized incident light at the wavelength λD. For x-polarization,
the structure exhibits a monopolar resonance at the wavelength given by λM .
The latter resonance has a relatively high quality factor Q ≈ 15 as compared
to the dipolar one and its life time is mainly determined by radiative coupling
to x-polarized light. Under the y-polarized illumination this mode is “dark”
(subradiant).
The low-Q dipolar resonance plays the role of the “Fano background” for
the high-Q monopolar resonance. By displacing the dipole antenna within the
unit cell and changing its position with respect to the monopole, the degree of
symmetry breaking in the structure and near-field interaction between the two
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modes are controlled. Changing the lengths of the antennas lM and lD provides
an option for controlling the frequencies of the two resonances so that the
monopolar resonance can be embedded into a dipolar background at a different
spectral position, thus controlling interference between these modes. In the
following, we focus on a specific case corresponding to spectral matching of the
dipolar and monopolar resonances λM ≈ λD. EIT-like behavior is observed in
this case [68, 86, 118]. The effects related to polarization conversion enabled
by the modes’ coupling and circularly-polarized EIT are discussed.
(a) (b)
(c)
Figure 5.1: Unit cell of (a) an asymmetric Fano-resonant metasurface, (b)
monopole array and (c) dipole array with unrotated and rotated dipole anten-
nas for an equivalent dipole and Fano background cases, respectively.
5.2 Designing Polarization-Selective Fano Resonances
The design of the Fano-resonant metasurface consists of two main steps.
At first we consider an array of monopole antennas attached to wires alone
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(without vertical dipole antennas), as shown in Fig. 5.1b. Henceforth we limit
our consideration to the case of normal incidence. In this case the monopole
can be excited only by x-polarized incident light but under y-polarized il-
lumination it is “dark” (subradiant). Figure 5.2a shows x-polarized trans-
mission spectra of the monopole metasurface where different curves corre-
spond to different lengths of the monopole antenna lM . We observe a be-
havior similar to the one known for an array of dipoles [38, 122]: as the
monopole antennas’ length increases, the resonance shifts toward longer wave-
lengths due to their stronger polarizability and the resonance departs from
the substrate-side Wood’s anomaly, which appears as a kink in the spectra at
λWA =
√
ǫsubPy = 4.725 µm. Indeed, the monopole (the horizontal antenna
connected to the wire) can be roughly considered as an imaginary dipole of
double length whose charge distribution is made out of the charge on the
monopole antenna tip and its image of the opposite sign provided by the wire
which plays the role of an effective ground plate [1, 29]. The interaction among
such equivalent dipoles results in collective effects [34, 38, 78, 85] in the array:
Wood’s anomalies, and collective plasmonic excitations. In fact, the observed
monopolar resonance corresponds to the excitation of such a collective mode.
The collective character of this mode explains not only the dependence of the
resonance spectral position on the monopole length, but also the change in
its quality factor. Higher quality factor for shorter monopole antennas (thus
of weaker polarizability) appears due to stronger suppression of the radiative
decay as the mode shifts toward the Wood’s anomaly [2, 38].
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5.2.1 Monopolar mode
However, if one compares the monopole resonance with that of an
“equivalent” dipole antenna of double length oriented along the x-direction
(Fig. 5.1c), several discrepancies appear. First, the frequencies of the reso-
nances do not match and the monopole appears redshifted with respect to
the resonance of an equivalent dipole; this shows that the coupling among
the monopoles is stronger due to the direct charge transfer though the wire.
Second, even if the length of the equivalent dipole is adjusted (increased) to
spectrally match the monopolar resonance, the quality factor of the latter
appears to be several times higher, indicating lower degree of the radiative
coupling (and radiative decay) of the monopole. This situation is illustrated
by Fig. 5.2b where the transmission through an equivalent dipole structure
– an array of x-oriented equivalent dipolar antennas – is plotted alongside
with the transmission for the monopole array. Note that higher quality of
the monopolar mode can be seen not only from the comparison of resonances’
bandwidth, but is also evidenced by increased Ohmic losses for the monopole.
To explain higher quality factor of the monopole mode, we refer to
Fig. 5.3(a) where the surface electric current density at the resonance frequency
of monopole is shown by arrows. One can immediately see that both the x-
and y-components of the currents are excited. However, at normal x-polarized
excitation, the y-current cannot radiate due to the symmetry of the array,
although it remains highly excited and its intensity is comparable to that of
the x-current. Thus a significant part of the electromagnetic energy is confined
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Figure 5.2: (a) x-polarized transmission (dashed lines) and reflection (solid
lines) of a silver monopole antenna array shown in Fig. 5.1b under normal x-
polarized illumination. Blue, green and red curves correspond to the monopole
lengths lM =0.6 µm, 0.7 µm and 0.8 µm, respectively. (b) Transmission
(dashed lines) and reflection (solid lines) of a monopole antenna array shown
in Fig. 5.1b (blue) and equivalent dipole array shown in Fig. 5.1c (black) under
normal x-polarized illumination. The monopole antenna length is lM=0.6 µm,
and the equivalent x-dipole length is lD=1.622 µm. In all cases w=0.35 µm,
Px = Py =3.15 µm, and the structure is assumed to rest on a CaF2 substrate
with ǫ∞=2.25.
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in a subradiant current component and this effectively increases the monopole’s
radiative lifetime as compared to its “bright” dipolar equivalent.
5.2.2 Comparison Between Monopolar And Dipolar Modes
As for the next step, we consider an array of vertical (y-oriented) dipole
antennas alone shown in Fig. 5.1c (rotated semi-transparent antenna), which
will provide a Fano background for the monopoles and thus enable EIT with
polarization conversion. Because the array is square (Px=Py=P ), y-polarized
transmission spectrum of the array of y-oriented dipole antennas is identical
to that of equivalent dipoles plotted in Fig. 5.2b for x-polarization.
Figure 5.3: Electric field density (color) and electric current density (arrows)
for the frequency (a) tuned to the EIT resonance (λ=5.71 µm) and (b) detuned
from the EIT resonance (λ=6.4 µm). Structure parameters are the same as
before and d=400 nm.
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5.3 Interaction Between Monopolar And Dipolar Modes:
Fano Resonance And Electromagnetically Induced
Polarization Conversion
When both the monopole and dipole antennas are combined on the
same substrate, the dipolar and monopolar modes interact in the near field,
giving rise to interesting spectral features in the transmission spectra. Here we
focus on the y-polarized incidence in which case the higher-Q monopole mode
is “dark” and cannot be directly excited. Note that in order to induce the inter-
action between the modes, the mirror-reflection symmetry σy of the structure
should be broken by displacing the vertical dipole antenna in the y-direction.
From the structure’s geometry follows that the σy symmetry is preserved and
the modes do not interact when the center of the vertical antennas is placed
either right on the line with the monopole antenna or exactly half way between
the two nearest monopoles. This situation is analogous to previously studied
dolmen EIT metasurfaces [118]. The interaction strength between the dipolar
and monopolar modes depends on two factors, (i) the degree of the symmetry
breaking, e.g. displacement of the vertical antenna with respect to one of the
two symmetric positions and (ii) the distance between the dipole and monopole
antennas. The optimal configuration corresponds to the displacement of the
vertical antenna such that the antennas’ tips are brought to close proximity,
as shown in Fig. 5.1. In this case, the charge induced in the dipole antenna by
the incident y-polarized electric field will induce the charge of an opposite sign
on the monopole’s tip thus resulting in the excitation of the monopolar reso-
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nance. This situation is illustrated in Fig. 5.3 where the electric field density
is plotted (by color) at the frequencies of the incident light tuned (Fig. 5.3a)
or detuned (Fig. 5.3b) from the frequency where the EIT takes place. For
the present case of matched super-radiant (dipolar) and sub-radiant (monopo-
lar) modes λM ≈ λD, this frequency is approximately given by the frequency
of the monopole resonance. Interaction of the modes gives rise to a notable
EIT-like transmission/reflection spectrum for the y-polarized incidence. The
emergence of the EIT peak is illustrated in Fig. 5.4 which shows how the to-
tal transmission Ttot = Tyy + Txy and the total reflection Rtot = Ryy + Rxy
change as the degree of coupling between the modes in the system changes,
with the coupling controlled by the distance between the monopole and dipole
antennas d. Here Tuy (Ruy) is the transmitted (reflected) light polarized along
the direction u (x or y) with an incident light polarized along the y-direction.
One can see that as the separation d decreases, the transmission at the EIT
peak rises, reflecting an increase in the coupling strength between the modes
(Fig. 5.4). The simple physical explanation of the reflectivity drop at the res-
onance is as follows: the monopole antenna depolarizes the dipole antenna,
thereby decreasing the total dipole moment of the unit cell.
5.3.1 Polarization Conversion Using Fano Resonances
As one can expect, excitation of the monopole, which is dark in y-
polarization but is radiatively coupled to x-polarization, causes the scattering
of the incident radiation into the x-polarized light (Txy). This scattering path-
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Figure 5.4: (a) EIT-like transmission and (b) reflection spectra of the asym-
metric metasurface plotted as a function of the distance d between the
monopole and dipole antennas. Structure parameters are the same as in
Fig. 5.2.
way is an indirect coupling of the monopolar mode to the y-polarized incident
light through a capacitive (near-field) interaction between the vertical dipole
antenna driven by y-polarized light and the monopole antenna. However, the
monopole and dipole antennas do not in general scatter in phase into the x-
and y- polarizations resulting in an elliptically polarized scattered light. The
phase difference between the two scattered waves depends on the degree of
coupling and the light frequency. We find that in the vicinity of the EIT peak
for certain degree of coupling, the monopole and dipole antennas scatter out
of phase resulting in circularly-polarized transmitted light. To systematically
study the polarization state of the transmitted light, we calculate the ellip-




)) of the transmitted light. Here, χ = txy/tyy
is the complex-valued ratio of the x-polarized and y-polarized transmission
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coefficients. η=0 ( η=∞) corresponds to linear y (x) polarized light whereas
η=1 (η=-1) corresponds to left (right) circular polarization. As can be seen
from Figs. 5.5a and 5.5b, the ellipticity approaches zero away from the EIT-
peak. Therefore away from the EIT peak, the transmitted light is linearly
polarized along the y direction. As can be observed from the field profile given
in Fig. 5.3(b), away from the EIT resonance the monopole antenna is barely
excited and the dominant scattering is due to the vertical dipole.
Figure 5.5: (a) Total transmission and (b) ellipticity of the transmitted light
plotted as a function of the separation gap d and wavelength λ. Structure
parameters are the same as in Fig. 5.2.
5.3.2 Tunability Of Polarization Conversion By Fano Coupling Strength
As the coupling strength increases with a decrease of d, the total trans-
mission enhances while the magnitude of its ellipticity grows. The magnitude
of the ellipticity increases and near the EIT peak it reaches the value η=-1
implying that the transmitted light has right circular polarization. This trend
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continues until the “over-coupled” regime (d/P <0.06) is entered where the
ellipticity starts to drop while the total transmission continues to grow with a
significant broadening of the resonance peak due to the enhanced hybridiza-
tion of the monopolar mode with the strongly radiative dipolar mode. This
indicates that for polarization-conversion applications, the coupling should be
judiciously chosen to avoid such an over-coupled regime. Note that to produce
a left circularly polarized light we need to reverse handedness of the structure.
This can be achieved by moving the dipole antenna down or by considering
the structure which is a mirror reflected of the original with respect to the y-z
plane.
The optimal value of d can be chosen such that the total transmission
is high enough while the magnitude of ellipticity exceeds 0.8. For the structure
parameters we have chosen, the optimal value of d is d = 0.073P for which the
total transmission reaches ≈40%. The spectra of a few designs close to the
optimal configuration of the metasurface are shown in Fig. 5.6, which are the
cross-section of the plots in Fig. 5.4 and 5.5 for the given values of d.
5.4 Conclusion
To summarize, we have introduced a concept of polarization manipu-
lation based on asymmetric Fano-resonant metasurfaces. We have proposed a
structure which combines two distinct polarization-selective resonators (meta-
molecules) on the same substrate. Presence of two independent resonances
makes the structure highly tunable and enables control over the spectral po-
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Figure 5.6: (a) Total transmission and (b) ellipticity of the light transmitted
through the metasurface calculated for different values of d/P .
sitions and the quality factors of the resonances. It was demonstrated that
by matching frequencies of the resonances, while endowing them with dis-
parate lifetimes, enables an EIT-like response. The interaction between the
resonances and their polarization selectivity enabled approximately circularly-
polarized EIT with an ellipticity exceeding 0.80 where the total transmission
was over 40%. Having a high transmission due to the nature of EIT resonance
and polarization conversion at the same frequency range makes the proposed
structure an excellent polarization converter of linearly polarized to circu-
larly polarized light albeit being a subwavelength-thick structure as opposed
to bulky quarter-wave plates. We believe that asymmetric metasurfaces with





In this thesis, I presented my studies of the optical response of plas-
monic meta-surfaces in infrared spectral range and the collective surface waves
they support. These patterned surfaces, despite being extensively studied a
few decades ago in the microwave spectral range, have attracted significant
amount of interest in the recent years due to many promising optical ap-
plications. This thesis was an endeavor to gain a deeper understanding of
the collective effects, to find the mechanisms to improve the confinement of
the electromagnetic waves, and to enhance interaction of light with matter.
Among important findings of my work are (i) understanding the effects of the
surrounding medium on the modes and the scattering properties of metasur-
faces, (ii) revealing the role of the geometry and topology of the nano patterns,
and (iii) exploring the role of the symmetries of such patterns and how they
can be altered to enable control over the polarization state of light. In what
follows I will briefly summarize these findings.
One of the aims of my research was to improve the confinement of
the surface waves to achieve many-fold enhancement of the electromagnetic
fields on the surface. Two-dimensional patterns of simple shapes (such as
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rectangles or circles) result in surface waves with poor confinement in the
infrared spectral range. More sophisticated geometries that have been shown
to improve confinement in the microwave spectral range are not practical for
optical applications due to fabrication challenges. In Chapter 2, I proposed an
approach to improve the confinement of surface plasmons while retaining their
important advantage: the ability to control the mode’s index using variable size
and shape of the patterns. This was achieved by combining metal structuring
with the traditional method of electromagnetic field confinement, waveguiding.
I theoretically predicted and my colleagues experimentally confirmed that a
new class of SSPs exists in the ultrathin heterostructure comprised of a slab
of high-index dielectric material and a perforated metal film.
In chapter 3, I explored an understudied but very important effect of
the dielectric environment on the optical properties of the surface waves guided
by metasurfaces. I found that a finite optical contrast between substrate and
superstrate affects the collective effects, the main mechanism behind the sup-
ported surface waves. This happens due to modified long-range electromag-
netic interactions between the unit cells of the metasurface. It was found that
a large optical contrast would result in the suppression of these collective ef-
fects and in the disappearance of Wood’s anomalies signifying the onset of
diffraction orders.
In Chapter 4, I studied the effect of the geometry and topology of the
unit cell on the collective interactions among them by considering a meta-
surface composed of a double-antenna unit cell. I found that in this structure
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the effective dipole-dipole interaction is significantly modified and the trans-
verse long-range interaction is suppressed, which gives rise to the disappear-
ance of Wood’s anomalies, which is analogous to the effect of the finite optical
contrast between the substrate and superstrate described in Chapter 3.
In Chapter 5, I explored the possibility to convert polarization of light
with ultrathin metasurfaces which is attractive for practical applications be-
cause they may replace bulky wave plates used in contemporary optical sys-
tems. In order to achieve this, I developed a novel approach of multi-resonant
metasurface where the coupling of the resonance elements gives rise to rescat-
tering of the field with appropriate phases which is achieved by judicious ma-
nipulation of the symmetry of the unit cell.
To conclude, I hope my findings will be a pillar for the future work of the
junior students who will pursue research on this topic in future and will further
expand our understanding of light-matter interactions in nanostructures, thus
enabling new revolutionary advances in technology.
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